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Introduction: Macrophages play a key role in most of the inflammatory diseases
such as Rheumatoid Arthritis (RA), but the mechanism underlying their
pathogenesis is still under study. Among stem cells, human dental pulp stem
cells (hDPSCs) have attracted attention due to their easy accessibility and
immunomodulatory properties, making them a promising adjuvant therapy. In
this study, we aimed to evaluate the capacity of hDPSCs to modulate the
phenotypes of primary human macrophages. Additionally, we sought to
observe the differences induced on macrophages when cultured directly with
hDPSCs or through a cell culture insert, mimicking the paracrine
communication pathway.

Methods: Monocytes, isolated from buffy coats, were differentiated into pro-
inflammatory M1 and anti-inflammatory M2 macrophages. Subsequently, they
were cultured with hDPSCs either directly or via a cell-culture insert for 48 hours.
Finally, they were analyzed for protein, gene expression, cytokines levels
and immunofluorescence.

Results: In our study, we have demonstrated that, hDPSCs, even without priming,
can reduce TNFa levels and enhancing IL-10 release in pro-inflammatory
macrophages, both through direct contact and paracrine signaling.
Furthermore, we found that their effects are more pronounced when in cell-
to-cell contact through the decrease of NF-kB and COX-2 expression and of
CD80/PD-L1 colocalization. HDPSCs, when in contact with macrophages,
showed enhanced expression of NF-kB, COX-2, ICAM-1, PD-L1, FAS-L, TNFa
and IFNy.
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Conclusion: We showed that hDPSCs exert immunomodulatory effects on pro-
inflammatory macrophages, with cell-to-cell contact yielding a more
pronounced outcome compared to paracrine signaling. Our work highlights
the immunomodulatory properties of hDPSCs on activated pro-inflammatory
macrophages and the potential therapeutic role in inflamed tissue.

macrophages, dental pulp stem cells, inflammation, cell-culture, cell-to-cell contact,

paracrine signaling

1 Introduction

Macrophages play pivotal roles in both local and systemic
Rheumatoid Arthritis (RA) (1, 2) and in COVID-19
hyperinflammatory syndrome (3, 4). These phagocytic cells not
only eliminate microorganisms but also release proinflammatory
mediators and cytokines that promote leukocyte recruitment to
sites of infection (5). They also promote adaptive immune response
by presenting antigens and expressing co-stimulatory molecules
and cytokines to modulate specific T-cell responses (6). Conversely,
they can also inhibit immune responses and promote wound
healing by releasing immunoregulatory cytokines and growth
factors (7). Consequently, in vivo macrophages exhibit a dynamic
functional state primarily categorized into pro-inflammatory (M1
macrophages) and an anti-inflammatory (M2 macrophages) states
depending on the microenvironment (8). In vitro, these states can
be reproduced using cytokines such as lipopolysaccharide (LPS)
and interferon y (IFNY) to polarize macrophages towards classically
M1 or interleukin (IL) -4 and IL-13 for M2 alternatively polarized
macrophages (9). Mesenchymal stem cells (MSCs) are adult stem
cells capable of differentiating into various mature cell types,
including osteoblasts, adipocytes, chondrocytes and reticular
stroma, and possessing self-renewal properties (10). MSCs have
been implicated in both in innate and adaptive immunity, exerting
immunomodulatory functions through both cell-to-cell contact and
paracrine signaling (11, 12). Moreover, they have demonstrated a
favorable safety profile, making them promising candidates for
severe, treatment-resistant RA patients (13).

Human dental pulp stem cells (hDPSCs) are adult stem cells
derived from the neural crest with the ability to differentiate into
multiple cell lines and with easy accessibility (14, 15). Our research
group has demonstrated that hDPSCs can modulated the
production of cytokines such as TNFq, IFNYy, IL-10 and IL-17A
by peripheral blood mononuclear cells (PBMCs) obtained from
Coronavirus disease 2019 (COVID-19) patients (16). Studies on
diabetic rats have indicated that hDPSCs can promote macrophages
polarization towards anti-inflammatory phenotypes (17), with
similar finding observed in-vitro experiments using macrophages
cell lines (18-20). In this study, we aimed to evaluate the capacity of
hDPSCs to modulate the phenotypes of primary human
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macrophages polarized in vitro towards three different types
(steady state (MO0), M1, M2) with a particular focus on the pro-
inflammatory phenotype. Additionally, we sought to observe the
differences induced on macrophages when cultured directly with
hDPSCs or through a cell culture insert, mimicking the paracrine
communication pathway.

2 Materials and methods

2.1 Cell cultures

Human DPSCs were extracted from the enclosed third molar of
adults (n=3) after written informed consent in accordance with the
Declaration of Helsinki as previously reported (21). Briefly, the
dental pulp was digested in Minimum Essential Medium with alpha
modification (a-MEM) containing 3 mg/mL type I collagenase plus
4 mg/mL dispase (all from Merck KGaA, Darmstadt, Germany) and
then was filtered onto 100-um Falcon Cell Strainers to obtain a cell
suspension. Cell suspension was then plated in 25-cm? culture flasks
and expanded in a-MEM, 10% heat inactivated fetal bovine serum
(Microtech Srl, Napoli, Italy), 1% L-glutamine solution 200 mM
(Merck KGaA, Darmstadt, Germany), 1% penicillin-streptomycin
solution (10,000 units penicillin and 10 mg streptomycin/mL)
(Merck KGaA, Darmstadt, Germany) at 37°C and 5% CO2.
Following cell expansion, human dental pulp cells underwent
magnetic cell sorting, using the MACS® separation kit (Miltenyi
Biotec B.V. & CO. KG, Germany), against the stemness surface
markers STRO-1 and c-Kit, which allow to obtain a purer stem cell
population within human dental pulp. The study was performed
according to the recommendations of Comitato Etico Provinciale-
Azienda Ospedaliero-Universitaria di Modena (Modena, Italy),
which approved the experimental protocol (Ref. Number 3299/
CE; 5 September 2017). hDPSCs were further expanded and used at
passages 7 to 8 in compliance with previous findings (22-24).

hDPSCs were seeded alone for 48 hours at a density of 1.5x10*
cells/cm? in wild type (wt) medium composed by Roswell Park
Memorial Institute (RPMI) 1640, 10% heat inactivated Human
serum type AB (hAB) (Merck KGaA, Darmstadt, Germany), 1% L-
glutamine solution 200 mM (Merck KGaA, Darmstadt, Germany),

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440974
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Maccaferri et al.

1% penicillin-streptomycin solution (10,000 units penicillin and 10
mg streptomycin/mL) (Merck KGaA, Darmstadt, Germany) also
supplemented with 20 ng/ml human Macrophage Colony
Stimulating Factor (M-CSF) (Merck KGaA, Darmstadt, Germany)
for MO condition or with 100 ng/ml LPS purified from E. coli 055:
B5 and 20 ng/ml IFNYy for M1 condition or with 10 ng/ml IL-4
and 10 ng/ml IL-13 for M2 condition (Merck KGaA,
Darmstadt, Germany).

Macrophages were obtained as follows. Buffy coats were
obtained from the Azienda Ospedaliero-Universitaria (AOU)
Complex structure of Immune-transfusion of Modena. Blood
products of healthy donors (n=3) were tested according to
Hemotherapy Guidelines for the preparation and the use of blood
component issued by law 21/10/2005 no. 219 and Decreto
Ministeriale 02/11/2015 of the Italian transfusion law (25, 26).
PBMCs were isolated by density-gradient centrifugation using
Histopaque-1077 (Merck KGaA, Darmstadt, Germany) according
to the manufacturer’s protocol. Briefly, according to Miltenyi
Biotech technical support suggestions, buffy coat was diluted 1:3
with a pH 7.2 solution of phosphate buffered saline (PBS), 0.5%
bovine serum albumin (Merck KGaA, Darmstadt, Germany), 2 mM
Ethylenediaminetetraacetic acid (EDTA) (Merck KGaA,
Darmstadt, Germany). Twenty ml of diluted buffy coat was
layered over 20 ml of Histopaque and centrifuged at 400 x g for
30 min. PBMCs were collected at the interface between Histopaque
and plasma and washed with 20 ml of cold PBS. The suspension was
centrifuged at 300 x g for 8 min and the pellet gently resuspended in
RPMI 1640 (Merck KGaA, Darmstadt, Germany), 1% L-glutamine
solution 200 mM (Merck KGaA, Darmstadt, Germany), 1%
penicillin-streptomycin solution (10,000 units penicillin and 10
mg streptomycin/mL) (Merck KGaA, Darmstadt, Germany) and
20 ng/ml human M-CSF (Merck KGaA, Darmstadt, Germany)
without serum to favor macrophages adhesion (27). PBMCs were
seeded at 2.5x10° cells/ml into six-well plates for subsequent
indirect co-cultures, 100 mm dishes for subsequent direct co-
culture and twenty-four-well plates fulfilled with Nunc™
Thermanox Coverslips (Thermo Fisher Scientific Inc., USA) for
immunofluorescence experiments in a humified incubator at 37 °C
and 5% CO,. After 4 hours of incubation, nonadherent cells were
removed, the wells were washed with PBS, and M0 medium: RPMI
with 10% of heat inactivated Human serum type AB (hAB) (Merck
KGaA, Darmstadt, Germany), 1% L-glutamine solution 200 mM,
1% penicillin-streptomycin solution (10,000 units penicillin and 10
mg streptomycin/mL) was added. PBMCs were differentiated to
macrophages for 7 days with MO medium change after 3 days.

2.2 Macrophages polarization and hDPSCs
co-cultures

At the 8" day, culture medium was removed and macrophages
were maintained for 18 hours (28) in M0 medium for unstimulated
macrophages (M0) or adding 100 ng/ml of LPS and 20 ng/ml of
IFNy to wild type (wt) medium: RPMI with 10% hAB serum, 1% L-
glutamine solution 200 mM, 1% penicillin-streptomycin solution
(10,000 units penicillin and 10 mg streptomycin/mL), for
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polarization toward a pro-inflammatory state (M1), or toward an
anti-inflammatory state (M2) adding 10 ng/ml of IL-4 and 10 ng/ml
of IL-13 (29) to wt medium.

hDPSCs were harvested and resuspended in wt, M0, M1 or M2
medium and seeded alone or above macrophages in a 1:1 ratio (28)
at a density of 1.5x10* cells/cm? for 48 hours in the corresponding
MO, M1 and M2 culture media. hDPSCs were seeded directly on
macrophages and, to study the paracrine effects of hDPSCs on
macrophages, they were seeded into Transwell inserts with a
nominal pore size of 0.4 um (Costar Europe Ltd).

2.3 Labelling of hDPSCs with
fluorescent probe

hDPSCs were labelled with CellTracker Orange CMRA
(Thermo Fisher Scientific Inc., USA) following manufacturer’s
instructions. Briefly, when the cells reached 80% confluence, the
culture medium was removed and 20 pM CellTracker working
solution was added. After 45 minutes of incubation the CellTracker
was removed and labeled hDPSCs were seeded on macrophages
MO, M1 and M2.

2.4 Macrophages and hDPSCs direct co-
culture immunomagnetic separation

For downstream analysis, after 48 hours of macrophages direct
co-culture they were separated from hDPSCs. Cells were washed
with cold PBS and detached with 0.25% Trypsin/0.1% EDTA
(HiMedia Laboratories GmbH, Germany) at 37°C for 3 min. Both
cell types were stained with 0.4% Trypan Blue solution (Merck
KGaA, Darmstadt, Germany) and counted with a hemocytometer
Neubauer counting chamber. Cells were pelleted by centrifugation
at 300 x g for 5 min at room temperature (RT) and resuspended in
buffer composed of PBS pH 7.2, 0.5% bovine serum albumin (BSA)
and 2mM EDTA. Macrophages were than separated from hDPSCs
using human anti CD14 MicroBeads (Miltenyi Biotec B.V. & CO.
KG, Germany) according to the manufacturer’s protocol. Briefly,
working on ice and with cold reagents, cells were incubated 15 min
with CD14 microbeads in the refrigerator; than were washed with
buffer, centrifuged at 300 x g for 10 min, resuspended with 500 ul of
buffer. The suspension was loaded onto a MS MACS column
(Miltenyi Biotec B.V. & CO. KG, Germany) which was placed in
the magnetic field of a MACS separator (Miltenyi Biotec B.V. & CO.
KG, Germany). The unlabeled cells (hDPSCs) and CD14" cells
(macrophages) were collected separately and pelleted at 300 x g
for 5 min.

2.5 RNA extraction and real-time PCR

Samples from three independent experiments were lysed and
RNA was purified with miRNeasy Tissue/Cells Advanced Mini Kit
(Qiagen GmbH, Germany) following manufacturer’s instructions.
Briefly, cells were lysed with buffer RLT, and genomic DNA
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TABLE 1 Specific primers for RT-PCR.

Gene Primers  Sequence (5'-3) Ref
Forward GCGCTCCATGGTCGATAA

CD14 (30)
Reverse GCCGCTGTGTAGGAAAGAAG
Forward CACCTTGCCCTTTACGTATCT

CD80 (31)

Reverse CTACTTCTGTGCCCACCATATT
Forward GATTTCACCAAGCGTGGACT

HK2 (28)
Reverse CCACACCCACTGTCACTTTG
Forward CCATCGAGGAAGAGGTTCGG

CD206 (32)
Reverse GGTGGGTTACTCCTTCTGCC3
Forward GAACTGGCACGACTCCATCA

DC-SIGN (28)
Reverse GTTGGGCTCTCCTCTGTTCC
Forward CTTAAGGACGACGCCTGGTT

ALOX15 (28)
Reverse AGTTTCCCCACCGGTACAAC
Forward GGTTGTGGATCCAGTCACCT

PD-L1 (33)
Reverse TTGGTGGTGGTGGTCTTACC
Forward CCTGAGGAGCTACCATCTGC

IDO (28)
Reverse TCAGTGCCTCCAGTTCCTTT
Forward AGCCACTCACCTCTTCAGAACGAA

IL-6 (33)

Reverse AGTGCCTCTTTGCTGCTTTCACAC

Forward GAAGGTCCTCTACTTATCCGCC
CD90

Reverse TGATGCCCTCACACTTGACCAG
HLA- Forward GAGCAAGATGCTGAGTGGAGTC
DRBI

Reverse CTGTTGGCTGAAGTCCAGAGTG

Forward AAAGGAGCTGAGGAAAGTGG
FAS-L

Reverse CATAGGTGTCTTCCCATTCCAG

Forward GCAGCACTACTTCTTGACCACC
NF-KB1

Reverse TCTGCTCCTGAGCATTGACGTC

Forward AGCGGCTGACGTGTGCAGTAAT
ICAM-1

Reverse TCTGAGACCTCTGGCTTCGTCA

Forward CGGTGAAACTCTGGCTAGACAG
COX-2

Reverse GCAAACCGTAGATGCTCAGGGA

Forward TCTCCGAGATGCCTTCAGCAGA
IL-10

Reverse TCAGACAAGGCTTGGCAACCCA

Forward CTCTTCTGCCTGCTGCACTTTG
TNFa

Reverse ATGGGCTACAGGCTTGTCACTC

Forward TTGAAGAATTGGAAAGAGGAGAGTG
IFNy

Reverse AAAGGAGACAATTTGGCTCTGCATT

removed with gDNA eliminator spin column. The samples were
transferred to a RNeasy Mini column, and it was added isopropanol
to favor RNA binding. The columns were washed with bufters and
80% ethanol to eliminate all contaminants. Total RNA was eluted
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with 50 pl of RNase-free water and quantified with NanoDropTM
One Microvolume UV-Vis Spectrophotometer (Thermo Fisher
Scientific Inc., USA). Two hundred micrograms of total RNA
were reverse transcribed into complementary DNA with Applied
BiosystemsTM High-Capacity ¢cDNA Reverse Transcription Kit
(Thermo Fisher Scientific Inc., USA) and SimpliArnpTM Thermal
Cycler (Thermo Fisher Scientific Inc., USA) following the
manufacturer’s instructions. Real-time PCR was conducted in
triplicate with QuantStudio " 3 Real-Time PCR System using
PowerTrack' " SYBR Green Master Mix (Thermo Fisher Scientific
Inc., USA). The comparative threshold cycle (CT) value for RPLP0O
was used to normalize loading variations. The ACT value was
calculated by subtracting control CT values (RPLP0) from the
corresponding experimental CT (MO, M1 or M2 alone or in co-
culture). The ACT values were converted to fold difference
compared with the control by raising two to the ACT. Mean
values of the duplicate results of three independent experiments
for each sample were used as individual data for 27" and 2724
statistical analysis. Specific oligonucleotide primers were listed in
Table 1; the primers not indicated by a reference were provided by
OriGene (Origene Technologies, Inc., USA).

2.6 Western blot

Cells were washed in PBS and lysed on ice with Cell Lysis Buffer
II (Thermo Fisher Scientific Inc., USA), 1% protease inhibitor
cocktail, 1% phosphatase inhibitor cocktail and 2%
Phenylmethylsulfonyl Fluoride (Merck KGaA, Darmstadt,
Germany) for 30 min by vortexing at 10-minutes intervals.
Lysates were harvested, centrifuged at 13,000 x g for 10 min at 4°
C and aliquoted to clean microcentrifuge tubes. Protein
concentration was determined using Pierce BCA protein assay
(Thermo Fisher Scientific Inc., USA) and measured at 571 nm
absorbance through Multiskan FC reader (Thermo Fisher Scientific
Inc.,, USA). Proteins were denatured in a Laemmli sample buffer
(BioRad, USA) with 10% of 2-Mercaptoethanol (Thermo Fisher
Scientific Inc., USA) at 100°C for 5 min and then separated by
standard SDS/PAGE using 10% TGX stain free Fastcast or 12%
TGX stain free Fastcast polyacrylamide gels (BioRad, USA).
Proteins were transferred to nitrocellulose membrane (BioRad,
USA) in a semi-dry electroblotting transfer (BioRad, USA) at
constant voltage of 10 V for 30-45 min. Membranes were rinsed
with Tris-buffered saline 0.1% Tween 20 (TBST) buffer and blocked
at RT for 5 min with EveryBlot Blocking Buffer (BioRad, USA).
Membranes were probed with primary antibodies at 4°C overnight.
Primary antibodies were the following: CD80 (dilution 1:2000,
TA501575, Thermofisher, USA), CD206 (dilution 1:2000,
MA532498, Thermofisher, USA), HLA-DRB1 (dilution 1:400,
NBP2-45316, Bio-Techne, USA), FAS-L (dilution 1:1000, sc-6237,
Santa Cruz Biotechnology, USA), PD-L1 (dilution 1:1000, NBP2-
15791, Bio-Techne, USA), NF-kBp65 (dilution 1:1000, 510500,
Thermo Fisher Scientific Inc., USA), IDO (dilution 1:250, 711778,
Thermo Fisher Scientific Inc., USA), ICAM-1 (dilution 1:250,
MA5407, Thermo Fisher Scientific Inc., USA), IL-6 (dilution
1:1000, 12153, Cell Signaling Technology, USA), COX-2 (dilution
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1:200, AF4198, Bio-Techne, USA). Membranes were rinsed, and
then incubated with the appropriate secondary antibody HRP
conjugated Goat anti-Mouse IgG (H+L) (dilution 1:5000, 31430,
Thermo Fisher Scientific Inc., USA) or Goat anti-Rabbit (dilution
1:8000, A6154, Merck KGaA, Germany) at RT for 1 hour. Proteins
were detected with Clarity Western ECL (BioRad, USA) and imaged
using a ChemiDoc Touch Imaging System (BioRad, USA). The
images were analyzed with Image Lab Software (BioRad, USA).

2.7 ELLA cytokines test

Supernatants were analyzed for IL-10, IL-2, IFNy, TNFo,
CXCL8/IL-8 and IL-6 by Simple Plex analysis (human SPCKE-
PS-005711 cartridges including IFNy 3rd generation, TNFa 2nd
generation and IL-6 2nd generation) using the ELLA microfluidic
immunoassay system, following manufacturer’s instructions
(ProteinSimple, San Jose, CA). Briefly, supernatants were diluted
1:2 with sample diluent, and 50 pl of this solution was added on the
ELLA cartridge. Wash buffer was added to the appropriate wells on
the ELLA cartridge. Sample results measured in triplicate were
reported using Simple Plex Runner v.3.7.2.0 (ProteinSimple). As
expected, the CVs for ELLA within the manufacturer’s
recommended range were low (%CV 0.16-16.27).

2.8 Immunofluorescence imaging

Cells, previously grown on Nunc'™ Thermanox' " Coverslips
(Thermo Fisher Scientific Inc., USA), were rinsed with PBS and
fixed with 4% Formaldehyde solution for 15 min. Cells were
permeabilized with 0.1% Triton X-100 in PBS and blocked with
Image-iT FX Signal Enhancer (Thermo Fisher Scientific Inc., USA)
for 30 min. Cells were then stained for 1 hour with the following
primary and secondary antibodies: CD80 (dilution 1:66, AF-140,
Bio-Techne, USA) and donkey anti-goat IgG Alexa Fluor ™ 546
conjugated (dilution 1:200, A32814, Thermo Fisher Scientific Inc.,
USA); PD-L1 (dilution 1:100, NBP2-15791, Bio-Techne, USA) and
goat anti-rabbit IgG Alexa Fluor " 488 conjugated (dilution 1:200,
MAS532498, Thermofisher, USA). Cells nuclei were stained with 1
ug/ml 4’,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI) in
PBS for 10 min and coverslips were mounted with Fluoromount-G
Mounting Medium (Thermofisher, USA). Samples were observed
by a Nikon Al confocal laser scanning microscope (Nikon Inc.,
USA). The confocal serial sections were processed with Image]
software to obtain three-dimensional projections, and image
rendering was performed using Adobe Photoshop Software.

2.9 Co-localization analysis

Colocalization analyses were conducted on the best focal Z-plan
among the Z-stack acquired for each field of view for best Pearson
Index calculation after background subtraction. Three different
images were analyzed and data were calculated as mean + SD.
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The analysis was conducted using the Colocalization module within
NIS-Elements AR 3.2.

2.10 Statistical analysis

Data were expressed as Mean + Standard Deviation (SD) of
values obtained from three independent experiments, each of them
being performed in triplicate. All the data underwent One-way
ANOVA followed by Newman-Keuls or Tukey post-hoc tests to
analyze differences among three or more experimental groups
(GraphPad Prism Software version 5 Inc., San Diego, CA, USA).
P values lower than 0.05 were considered statistically significant.

3 Results

3.1 M1 macrophages after hDPSCs co-
culture became more flatten

PBMCs were differentiated to MO macrophages in presence of
M-CSF for 7 days, then polarized to M1 and M2 alone and in co-
culture with hDPSCs. M1 macrophages were mostly irregular-
shaped cells, some of which were spindle-shaped. M2
macrophages were more rounded, flattened and expanded cells
(Figure 1) as already shown by Rostam et al. (34). Following co-
culture with hDPSCs, M1 macrophages tended to lose spindles and
became more rounded (Figure 1); M2 macrophages seemed to
become less expanded after direct co-culture (Figure 1). To
quantify morphological changes, we counted spindle-shaped cells
(M1) and expanded cells (M2) in three different phase contrast 20X
images for each experimental condition, conducted in triplicate.
Macrophages cultured alone without stimulation (MO0) exhibited
32.6% + 3.12 spindle-shaped cells. This percentage decreased to
5.3% + 1.75 (p<0.0001) following indirect co-culture, and to 15.9%
+ 2.03 (p<0.01) following direct co-culture. M1 macrophages alone
exhibited 85.3% + 6.28 spindle-shaped cells (2.6 times more respect
to MO alone). The percentage of spindle-shaped cells significantly
decreased following both indirect co-cultures, resulting in 22.7% +
1.58 (p<0.0001), and direct co-culture, resulting in 20.4% + 1.71
(p<0.0001). M2 macrophages alone showed 93.2% + 1.58 of
expanded and rounded shape (1.4 times more respect to the
expanded cells and 4.8 times less respect to spindle-shaped cells
in MO macrophages). The percentage decreased after direct co-
culture, resulting in 76.7% + 5.97 (p<0.05) (Figure 2).

3.2 Macrophages-hDPSCs co-culture did
not affect macrophages polarization

To assess the purity of the data obtained after separation of
macrophages in direct co-culture with hDPSCs, we valued the
expression of CDI4 (macrophages marker) and CD90 (hDPSCs
marker) genes. The contamination between the two populations
was not significant (Figure 3).
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DIR CC/
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FIGURE 1

Changes in macrophages morphology. Phase contrast 20X images captured by EVOS M5000 Imaging System (Thermofisher, USA). M1 macrophages
alone are irregular-shaped (black arrow) and M2 macrophages are flattened and expanded cells (black arrow). Following indirect (IND) and direct
(DIR) co-culture (CC) with hDPSCs (blue arrows or in red in the images below), M1 macrophages became more rounded and M2 less expanded.
Moreover, macrophages in DIR CC tend to aggregate on the top of hDPSCs. Scale bar = 150 pm.

Polarized M1 (LPS and IFNy stimulated) and M2 (IL-4 and IL-
13 stimulated) macrophages were characterized for markers
expression alone and after co-culture with hDPSCs compared to
undifferentiated MO (M-CSF stimulated) macrophages. M1
macrophages were HK2" (p<0.0001) and CD80* (p<0.0001),

confirmed by RT-qPCR analysis (Figure 4A) and for CD80 also
by protein expression (p<0.05) (Figure 4B).

Following co-culture, the polarization was kept unaffected
(Figure 4A), except for CD80 gene expression which was
significantly higher after direct co-culture as compared to Ml
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FIGURE 2
Macrophages morphology quantification. Proportion of spindle-shaped cells in MO and M1 macrophages alone, following indirect co-culture (Ind cc
hDPSCs) and direct co-culture (Dir cc hDPSCs) quantified in 20X phase contrast images, and proportion of expanded round cells in M2
macrophages alone, after indirect co-culture and direct co-culture. *p<0.05, **p<0.01, ****p<0.0001.
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Macrophages markers expression. (A, C) Relative mRNA expression of M1 macrophages markers (CD80, HK2) and M2 markers (CD206, DC-SIGN,
ALOX15) normalized to RPLPO. (B, D) Representative Western Blot depicting protein immune-probed towards CD80 and CD206; B-actin levels were
used as reference to normalize data. Results from one representative experiment of three performed. Indirect co-culture (IND CC), direct co-culture
(DIR CC). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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alone (p<0.0001), data confirmed by Western Blotting analysis
(Figures 4A, B). M2 macrophages were DC-SIGN™, ALOX15" (28,
35) and CD206" (Figure 4C); for CD206 data was also confirmed by
Western Blotting analysis (p<0.001) (Figure 4D). Following co-
culture, the M2 polarization was kept unaffected too. The direct co-
culture increased only the CD206 (not confirmed by Western blot)
and DC-SIGN gene expression in M2 macrophages as compared to
M2 alone (p<0.0001) (Figure 4C).

3.3 Only hDPSCs direct co-culture
decreased M1 inflammatory mediator’s
expression and enhanced ICAM-

1 expression

Since the pro-inflammatory stimuli administered can activate
the NF-xB transcription factor and the inducible enzyme COX-2
(36), we aimed to confirm their gene and protein expression.

M1 polarization was associated with the upregulation of NF-kB
(p<0.01) and COX-2 (p<0.001) genes, confirmed by protein
expression (Figures 5A, B). The inflammatory environment also
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caused an increased expression of the adhesion related ICAM-1
gene (p<0.001), data not confirmed by Western Blotting analysis
(Figures 5A, B). Since the function of ICAM is to adhere to the
endothelium to enable migration (37), it is likely that the
inflammatory stimulus alone was not sufficient to induce an
increase in protein expression either.

Indirect co-culture has shown to significantly enhance the
expression of NF-kB (p<0.01), COX-2 (p<0.0001) and ICAM-I
(p<0.05) genes in M1 macrophages (Figure 5A) compared to M1
untreated macrophages, data not confirmed by Western
Blot (Figure 5B).

Direct co-culture significantly decreased NF-kBp65 (p<0.01) and
COX-2 (p<0.05) protein expression in M1 macrophages (Figure 5B),
but not mRNA expression (Figure 5A). At opposite, it enhanced both
ICAM-1 mRNA and protein expression in all macrophage’s
phenotypes (p<0.0001) (Figures 5A, B) which have been recently
found to have role in resolution of inflammation (38). This allowed
us to infer that cell-to-cell contact gave a stronger signal capable of
reducing macrophage activation. We also observed differences between
gene and protein expression which we could suppose are due to
observational times and post-translational modifications (39).
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Macrophages immune modulators mediators. (A) Relative mRNA expression of immune regulator genes (PD-L1, FAS-L, HLA-DRB1, IDO) normalized
towards RPLPO. (B) Representative Western Blot depicting proteins immune-probed towards PD-L1, FAS-L, HLA-DRB1 and IDO; GAPDH and B-actin
levels were used as reference to normalize data. Results from one representative experiment of three performed. Indirect co-culture (IND CC),

direct co-culture (DIR CC). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3.4 hDPSCs regulated M1 immune
modulator expression differently based on
whether in direct contact or in a
paracrine manner.

As showed by other authors (40-43), the inflammatory medium
(LPS+IFNy) caused the activation of the immune modulators PD-
L1 (p<0.0001), FAS-L (p<0.0001), HLA-DRBI (p<0.0001) and IDO
(p<0.001) genes (Figure 6A). Data confirmed by the Western Blot
analysis of PD-L1 (p<0.001), HLA-DRBI1 (p<0.01) and IDO
(p<0.001) proteins (Figure 6B).

Indirect co-culture decreased the protein expression of PD-L1
(p<0.01) and of HLA-DRBI (p<0.05) (Figure 6B), but not mRNA
expression (Figure 6A). It also increased both mRNA (p<0.001) and
protein FAS-L expression (p<0.05) (Figures 6A, B). The expression
of IDO was not affected. Soluble mediators of hDPSCs decreased the
antigen presenting activity of M1 macrophages and stimulated the
pro-apoptotic role by mean of FAS-L.
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Direct co-culture decreased FAS-L mRNA and protein
expression (p<0.0001). PD-L1, HLA-DRBI and IDO mRNA and
protein expression was not affected by direct co-culture compared
to M1 alone (Figures 6A, B).

3.5 Both types of hDPSCs-M1 cultures
reduced TNFa and enhanced IL-10 release
but also enhanced other pro-
inflammatory cytokines

Cytokines level was assessed intracellularly by RT-qPCR (IL-6,
TNFa, IFNy, IL-10) and by Western blot (IL-6), then were
measured in supernatants by ELLA microfluidic immunoassay
system (IL-6, TNFa, IFNy, CXCL8/IL-8, IL-10).

Pro-inflammatory medium caused an increased cytokines level of
TNFo and IFNy (Figure 7A) confirmed by gene expression (p<0.0001)
(Figure 7B), an increase of CXCL8/IL-8 (p<0.0001) (Figure 7A) and an
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increase of only IL-6 protein expression (p<0.01) not confirmed by
gene expression (Figure 7C) nor by the cytokine release (Figure 7C).
These data confirmed the activation of M1 macrophages to a pro-
inflammatory status.

Indirect co-culture induced the increase of the pro-
inflammatory CXCL8/IL-8 cytokine (p<0.0001) (Figure 7A) and
the IL-6 cytokine (p<0.0001) confirmed by gene (p<0.0001) and
protein expression (p<0.05) (Figures 7B, C); also, the IFNY release
(p<0.0001) was increased but in this case with a reduced gene
expression (p<0.0001) (Figures 7A, B). On the contrary, compared
to the increase in TNFo gene expression (p<0.0001) (Figure 7B), the
cytokine release in the supernatant was strongly reduced (p<0.0001)
(Figure 7A). We also observed an increased release of IL-10
(p<0.01), an anti-inflammatory cytokine (Figure 8A), data not
confirmed by mRNA expression (Figure 8B).

As for indirect co-culture, the effect of the direct co-culture was to
increase CXCL8/IL-8 (p<0.0001) cytokine release (Figure 7A) and IFNy
cytokine release (p<0.0001) with reduced gene expression (p<0.0001)
(Figures 7A, B); IL-6 release increase (p<0.0001) was confirmed by gene
expression (p<0.0001) but not protein expression which was reduced
(p<0.0001) (Figure 7C). TNFo level in supernatant was decreased
(p<0.0001) but not the gene expression (Figures 7A, B). We

10.3389/fimmu.2024.1440974

surprisingly found a strong increase of the anti-inflammatory
cytokine IL-10 level (p<0.0001) (Figure 8B) data not confirmed by
gene expression analysis (Figure 8A).

Considering the pro-inflammatory cytokines analyzed, hDPSCs
were able to reduce only the TNFo release, but they significantly
enhanced the secretion of the anti-inflammatory cytokine IL-10,
especially when in cell-to-cell contact with M1 macrophages.
Discrepancies were noted between mRNA and cytokines level
(TNFo, IFNy and IL-10), which could be attributed to the
kinetics of cytokines processes (gene expression, transduction and
release) occurring at different times. Additionally, these differences
may be due to a carefully-regulated expression that involves post-
translational modifications that affect mRNA stability (44).

3.6 CD80 PD-L1 co-localization decreased
in M1 and M2 after direct hDPSC co-culture

Cells were stained with antibodies against CD80 (green) and
PD-LI (magenta) to assess the presence of protein co-localization
(grey) (Figures 9A-C). Pearson’s correlation index was used to
analyze co-localization. The results indicated that only direct co-
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FIGURE 9

hDPSCs in direct co-culture reduce PD-L1 and CD80 colocalization in macrophages. (A—C) Representative images of macrophages alone, after
indirect co-culture and in direct co-culture. PD-L1 was detected with rabbit-anti-PD-L1 primary antibodies and Alexa-Fluor 488-labeled anti-rabbit
secondary antibodies (green). CD80 was detected with mouse-anti-CD80 primary antibodies and Alexa-Fluor 546-labeled anti-mouse secondary
antibodies (magenta). Nuclei were stained with DAPI. Colocalized signals are shown in white. (D) Pearson correlation index between PD-L1 and

CD80. (*p-value <0.05, **p-value <0.01, ***p-value <0.001)
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culture significantly reduced PD-L1/CD80 co-localization in both
M1 (p<0.05) and M2 macrophages (p<0.01) (Figure 9D). This
finding suggests a potential role of hDPSCs cell-to-cell contact in
diminishing PD-L1/CD80 co-localization, which has been
associated with T cell activation (45).

3.7 Effects of co-culture with M1
macrophages on hDPSCs

To evaluate the effects exerted by medium and macrophages
on hDPSCs in inflammatory conditions (LPS+IFNy), we analyzed
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the expression of genes mainly involved in the inflammatory
response.

The inflammatory medium caused in hDPSCs a significantly
higher gene expression of NF-kB (p<0.0001) (46), COX-2 (p<0.0001)
(47), PD-L1 (p<0.0001) (48) and IDO (p<0.0001) (49) (Figure 10).

Indirect co-culture with M1 macrophages increased in hDPSCs
the expression of NF-kB (p<0.0001), COX-2 (p<0.0001), ICAM-1
(p<0.0001), PD-LI (p<0.0001) and IDO (p<0.0001) but not of FAS-
L, TNFo and IFNy (Figure 10).

Direct co-culture increased all the genes analyzed (NF-kB, COX-
2, ICAM-1, PD-L1, TNFo and IFNy) (p<0.0001) except for
IDO (Figure 10).
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4 Discussion

Our study showed that hDPSCs exert immunomodulatory
effects on pro-inflammatory macrophages, with cell-to-cell
contact yielding a more pronounced outcome compared to
paracrine signaling. Given that approximately 30-40% of RA
patients do not respond to current treatments, stem cell therapies
are emerging as an alternative approach to enhance the immune
response. Although the efficacy of hDPSCs has been demonstrated
in various disease models, the in vitro mechanism underlying their
properties are currently being investigated (13).

Macrophages play a key role in the pathogenesis of autoimmune
diseases by promoting inflammation or fibrosis (50). It has been
suggested that the activation of TLR4, a LPS receptor expressed on
macrophages, may serve as a link between viral infection,
inflammation and fibrosis, which are common features of
interstitial lung disease (ILD) both idiopathic and associated with
RA and COVID 19 (51). Additionally, the progression of RA has
been strongly associated with macrophages that differentiate into
pro-inflammatory phenotype, leading to the production of TNF
(52). Macrophages influence T cell responses through the presence
or absence of co-stimulatory receptors such as CD80/CD86 and the
secretion of cytokines either by macrophages themselves or within
the microenvironment (53). Recently it has been found that CD80
on APCs heterodimerizes in cis with PD-L1 and interacts with
CD28 on T cells, thereby preventing the inhibitory effect of PD-1
(45). This interaction can activate the inflammasome and enhance
the cytokines release (54). Our observations indicate that CD80/
PD-L1 co-localization was more pronounced in M1 macrophages
compared to M2 macrophages (Figure 9). Macrophages
constitutively express MHC class II molecules, which are crucial
for the immune response to pathogens, with higher expression
levels observed in M1 macrophages due to their role in T-cells
activation (8). The inflammatory state, particularly triggered by LPS
and IFNY, has been observed to induce the release of TNFo, which in
turn enhances the expression of NF-kB-p65 and of the inducible
isoform COX-2 (36). It is also understood that following a pro-
inflammatory stimulus, establishing tissue homeostasis and curbing
an excessive response necessitates the activation of pro-apoptotic
signals. Indeed, our differentiation of macrophages into Ml
phenotype revealed heightened levels of HLA-DRB1 compared to
M2 macrophages. We have further demonstrated that Ml
macrophages exhibit heightened activation in response to
inflammatory stimuli, characterized by elevated levels of NF-kB-
p65, COX-2, TNFa, IFNy and CXCL8/IL-8. Despite their robust
response to the inflammatory environment, M1 macrophages are
also activated to limit the inflammatory response through the
expression of PD-L1, FAS-L and IDO.

hDPSCs have been shown to modulate macrophages function
via TNFo/IDO axis and the NFkB p65 signaling pathway (18-20).
This modulation occurs both indirectly (18) and through direct cell
contact (17). Thus, we co-cultured M0, M1 and M2 macrophages
indirectly and directly with hDPSCs. Our aim was to evaluate the
effect of hDPSCs on macrophages stimulated in the Ml
inflammatory phenotype and the M2 reparative phenotype, with
a primary focus on the inflammatory one. Additionally,
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macrophages can be characterized by their morphology, with M1
macrophages predominantly exhibiting a dendritic shape, while M2
macrophages tend to have a more rounded and flattened
appearance (34). Our investigation revealed that hDPSCs
influenced the morphology of M1 and M2 macrophages towards
a reparative phenotype, as observed through phase contrast
microscopy. However, under our experimental conditions, we
found that hDPSCs did not alter the phenotype of macrophages,
either through direct contact or paracrine signaling. This aligns with
findings by Ren et al., who studied the immunomodulatory capacity
of mesenchymal stem cells (MSCs) (55). We observed that hDPSCs
wild type alone did not induce any polarization of MO macrophages
unless after exposure to LPS and IFNYy. These findings are in
accordance with previous research showing that preconditioning
MSCs with either TLR4 agonists (56), IENy (57) or conditioned
media from stimulated macrophages triggers the
immunomodulatory potential of MSCs (58, 59). Nonetheless, M1
macrophages indirectly cultured with hDPSCs exhibited
significantly lower levels of HLA-DRBI (Figure 6) and TNFo
(Figure 7), along with enhanced expression of FAS-L (Figure 6)
and IL-10 (Figure 8). Furthermore, we noted an increased
expression of pro-inflammatory cytokines such as IL-6, IFNy and
CXCL8/IL-8 (Figure 7). This observation led us to hypothesize a
role of soluble factors released by hDPSCs in suppressing antigen
presenting function, that we could speculate to be mediated by the
IDO and NF-kB signaling pathway, which expression we found to
be significantly elevated in hDPSCs (Figure 10) (18). However, this
suppression did not occur through the NF-kB pathway in
macrophages and was not sufficiently strong enough to inhibit
other pro-inflammatory cytokines.

Our findings indicate that only cell-to-cell contact significantly
reduced CD80/PD-L1 colocalization, as well as NF-kB and COX-2
expression in macrophages (Figures 5, 9). Investigating the
potential mechanism by which hDPSCs modulated M1
macrophages function, we also found that, following direct co-
culture, both macrophages and hDPSCs shown significantly higher
expression of ICAM-1 (Figures 5, 10). ICAM-1 serves as both an
adhesion molecule and signaling receptor, facilitating
communication between the extracellular environment and
intracellular pathways. Recent research has highlighted the role of
ICAM-1 in promoting macrophages efferocytosis, which is crucial
for resolving inflammation and restoring homeostasis (60).
Microscopic analyses, including microscope phase contrast and
confocal microscopy revealed that macrophages predominantly
migrated onto the surface of the hDPSCs (Figures 1, 9). The
interaction between cells led to the upregulation of ICAM-1
expression, which may play a crucial role in enhancing the
immunosuppressive properties of hDPSCs (61, 62). Alongside the
upregulation of ICAM-1, we observed that hDPSCs exhibited
significantly elevated levels of TNFo and IFNy (Figure 10), with
high concentrations of these cytokines also detected in the culture
medium (Figure 7A). Previous studies have demonstrated that IFNy
is necessary for the induction of ICAM-1 and is critical for the
immunosuppressive functions of MSCs (63). Therefore, we propose
that ICAM-1 and IFNy may play a role in modulating the activation
of M1 macrophages by hDPSCs. Additionally, we observed that
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cell-to-cell contact downregulated FAS-L expression in Ml
macrophages. In contrast, the expression of FAS-L and PD-L1
was upregulated in hDPSCs (Figure 10). Consistent with our
previous findings (64), we might argue that this event is driven by
the activation of immune-regulatory FAS/FAS-L pathway in
hDPSCs, with further enhancement by PD-L1. Notably, IL-10
plays a pivotal role in inhibiting the inflammatory response to
prevent excessive responses and restore tissue homeostasis (65).
Only when M1 macrophages and hDPSCs were in direct contact,
they produced IL-10 (Figure 8) and induced a reduction in PD-L1/
CD80 co-localization in macrophages (Figure 9). In conjunction
with the observed reduction in NF-kB and COX-2 macrophages
expression, these findings suggest that hDPSCs exert a dampening
effect on macrophage inflammatory response, particularly through
cell-to-cell contact. The stronger effect of hDPSCs, when in contact
with macrophages, we could hypothesize to be mediated by
adhesion molecule ICAM-1 and IFNYy (66) activating the
transcription factor NF-kB which in turn enhance the expression
of COX-2 (67) and FAS-L (68).

To achieve a comprehensive understanding of the
immunomodulatory response, further studies could be conducted
employing various strategies. Pre-conditioning is a technique used
to enhance the immunomodulatory properties of stem cells (58, 59).
It could be employed to boost the immunomodulatory capabilities
of the hDPSC by priming the cells to produce a higher quantity of
anti-inflammatory cytokines. Further studies are necessary to
identify the most effective pre-conditioning protocols and to fully
understand the underlying mechanisms (69). Vasculogenic factors
secreted by hDPSCs, like vascular endothelial growth factor (VEGF)
(70), promote the formation of new blood vessels, which accelerates
wound healing and tissue repair (71). Recently, it has been found
that hyperbaric oxygen therapy can improve the vasculogenic
properties of mesenchymal stem cells in inflammatory conditions
in vitro (72). This would allow for the further assessment of hDPSCs
immunoregulatory effects on macrophage polarization and
function. Moreover, there is a need for further investigation into
the role of PD-L1/CD80 in cis expression on macrophages, as this
could provide valuable insights into the mechanisms underlying the
immunomodulatory effects of hDPSCs. Additionally, testing
hDPSCs on macrophages isolated from RA patients, is essential to
understand how hDPSCs may modulate the immune response in a
disease-specific context. Expanding the sample size of healthy
subjects and conducting in vivo studies would also be valuable.
While in vitro studies provide important insights, it is essential to
validate these findings in an in vivo setting, as macrophages
differentiated in vitro may not fully reflect the phenotype and
behavior of macrophages found in vivo. Overall, these additional
studies would contribute to a more comprehensive understanding
of the immunomodulatory potential of hDPSCs and their potential
therapeutic applications in autoimmune diseases such as RA.

This preliminary study investigating the impact of hDPSCs on
macrophages from healthy subjects revealed that both indirect and
direct co-culture exert immunomodulatory effects on pro-
inflammatory macrophages. However, cell-to-cell contact appears
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to have a stronger influence, as evidenced by its role in inhibiting
NF-kB and COX-2, likely mediated by ICAM-1 signaling.
Moreover, cell-to-cell contact led to a decrease of CD80/PD-L1
colocalization, further supporting its immunomodulatory effects.
These findings suggest that direct interaction between hDPSCs and
macrophages plays a significant role in modulating macrophage

function and inflammation.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

MM: Writing - original draft, Methodology, Investigation,
Formal analysis, Conceptualization. AP: Writing - review &
editing, Investigation. GC: Writing - review & editing,
Investigation. CS: Writing - review & editing, Supervision,
Resources. EP: Writing - review & editing, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440974
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Maccaferri et al.

References

1. Kinne RW, Briuer R, Stuhlmiiller B, Palombo-Kinne E, Burmester G-R.
Macrophages in rheumatoid arthritis. Arthritis Res Ther. (2000) 2:189. doi: 10.1186/ar86

2. Udalova IA, Mantovani A, Feldmann M. Macrophage heterogeneity in the
context of rheumatoid arthritis. Nat Rev Rheumatol. (2016) 12:472-85. doi: 10.1038/
nrrheum.2016.91

3. Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a
key role for monocytes and macrophages. Nat Rev Immunol. (2020) 20:355-62.
doi: 10.1038/541577-020-0331-4

4. Silberberg E, Filep ]G, Ariel A. Weathering the storm: harnessing the resolution of
inflammation to limit COVID-19 pathogenesis. Front Immunol. (2022) 13:863449.
doi: 10.3389/fimmu.2022.863449

5. Flannagan RS. The antimicrobial functions of macrophages. In: Biswas SK,
Mantovani A, editors. Macrophages: biology and role in the pathology of diseases.
Springer, New York, NY (2014). p. 111-29. doi: 10.1007/978-1-4939-1311-4_6

6. Netea MG, Mantovani A. Adaptive characteristics of innate immune responses in
macrophages. In: Biswas SK, Mantovani A, editors. Macrophages: biology and role in
the pathology of diseases. Springer, New York, NY (2014). p. 339-48. doi: 10.1007/978-
1-4939-1311-4_15

7. Mosser DM, Stewart CA. Regulatory macrophages and the maintenance of
homeostasis. In: Biswas SK, Mantovani A, editors. Macrophages: biology and role in
the pathology of diseases. Springer, New York, NY (2014). p. 77-87. doi: 10.1007/978-1-
4939-1311-4_4

8. Lawrence T, Natoli G. Transcriptional regulation of macrophage polarization: enabling
diversity with identity. Nat Rev Immunol. (2011) 11:750-61. doi: 10.1038/nri3088

9. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental guidelines.
Immunity. (2014) 41:14-20. doi: 10.1016/j.immuni.2014.06.008

10. Nombela-Arrieta C, Ritz J, Silberstein LE. The elusive nature and function of
mesenchymal stem cells. Nat Rev Mol Cell Biol. (2011) 12:126-31. doi: 10.1038/
nrm3049

11. Song N, Scholtemeijer M, Shah K. Mesenchymal stem cell immunomodulation:
mechanisms and therapeutic potential. Trends Pharmacol Sci. (2020) 41:653-64.
doi: 10.1016/j.tips.2020.06.009

12. Naji A, Eitoku M, Favier B, Deschaseaux F, Rouas-Freiss N, Suganuma N.
Biological functions of mesenchymal stem cells and clinical implications. Cell Mol Life
Sci. (2019) 76:3323-48. doi: 10.1007/s00018-019-03125-1

13. Pignatti E, Maccaferri M, Pisciotta A, Carnevale G, Salvarani C. A
comprehensive review on the role of mesenchymal stromal/stem cells in the
management of rheumatoid arthritis. Expert Rev Clin Immunol. (2024) 0:1-23.
doi: 10.1080/1744666X.2023.2299729

14. Pisciotta A, Bertoni L, Vallarola A, Bertani G, Mecugni D, Carnevale G. Neural
crest derived stem cells from dental pulp and tooth-associated stem cells for peripheral
nerve regeneration. Neural Regener Res. (2019) 15:373-81. doi: 10.4103/1673-
5374.266043

15. Nuti N, Corallo C, Chan BMF, Ferrari M, Gerami-Naini B. Multipotent
differentiation of human dental pulp stem cells: a literature review. Stem Cell Rev
Rep. (2016) 12:511-23. doi: 10.1007/512015-016-9661-9

16. Croci S, Bonacini M, Dolci G, Massari M, Facciolongo N, Pignatti E, et al.
Human dental pulp stem cells modulate cytokine production in vitro by peripheral
blood mononuclear cells from coronavirus disease 2019 patients. FronT cell Dev Biol.
(2021) 8:609204. doi: 10.3389/fcell.2020.609204

17. Omi M, Hata M, Nakamura N, Miyabe M, Kobayashi Y, Kamiya H, et al.
Transplantation of dental pulp stem cells suppressed inflammation in sciatic nerves by
promoting macrophage polarization towards anti-inflammation phenotypes and
ameliorated diabetic polyneuropathy. J Diabetes Invest. (2016) 7:485-96.
doi: 10.1111/jdi.12452

18. Liu G, HuF, Jiao G, Guo Y, Zhou P, Zhang Y, et al. Dental pulp stem cell-derived
exosomes suppress M1 macrophage polarization through the ROS-MAPK-NF«xB P65
signaling pathway after spinal cord injury. J Nanobiotechnology. (2022) 20:65.
doi: 10.1186/s12951-022-01273-4

19. Zheng ], Kong Y, Hu X, Li Z, Li Y, Zhong Y, et al. MicroRNA-enriched small
extracellular vesicles possess odonto-immunomodulatory properties for modulating
the immune response of macrophages and promoting odontogenesis. Stem Cell Res
Ther. (2020) 11:517. doi: 10.1186/s13287-020-02039-1

20. Lee S, Zhang QZ, Karabucak B, Le AD. DPSCs from inflamed pulp modulate
macrophage function via the TNF-o/IDO axis. ] Dent Res. (2016) 95:1274-81.
doi: 10.1177/0022034516657817

21. Pisciotta A, Carnevale G, Meloni S, Riccio M, De Biasi S, Gibellini L, et al.
Human dental pulp stem cells (hDPSCs): isolation, enrichment and comparative
differentiation of two sub-populations. BMC Dev Biol. (2015) 15:14. doi: 10.1186/
s12861-015-0065-x

22. Ma L, Huang Z, Wu D, Kou X, Mao X, Shi S. CD146 controls the quality of
clinical grade mesenchymal stem cells from human dental pulp. Stem Cell Res Ther.
(2021) 12:488. doi: 10.1186/s13287-021-02559-4

Frontiers in Immunology

10.3389/fimmu.2024.1440974

23. Kornsuthisopon C, Nowwarote N, Chansaenroj A, Photichailert S,
Rochanavibhata S, Klincumhom N, et al. Human dental pulp stem cells derived
extracellular matrix promotes mineralization via Hippo and Wnt pathways. Sci Rep.
(2024) 14:6777. doi: 10.1038/s41598-024-56845-1

24. Nakashima M, Iohara K, Murakami M, Nakamura H, Sato Y, Ariji Y, et al. Pulp
regeneration by transplantation of dental pulp stem cells in pulpitis: a pilot clinical
study. Stem Cell Res Ther. (2017) 8:61. doi: 10.1186/s13287-017-0506-5

25. Il Presidente della Repubblica. Nuova disciplina per le attivita’ trasfusionali e della
produzione nazionale degli emoderivat. Gazzetta Ufficiale della Repubblica Italiana
(2005). Available at: www.gazzettaufficiale.it/eli/id/2005/10/27/005G0238/sg.

26. Ministero Italiano della salute. Disposizioni relative ai requisiti di qualita e
sicurezza del sangue e degli emocomponenti Gazzetta ufficiale della repubblica italiana
(2015). Available at: www.gazzettaufficiale.it/eli/id/2015/12/28/15A09709/sg.

27. Lehtonen A, Ahlfors H, Veckman V, Miettinen M, Lahesmaa R, Julkunen I.
Gene expression profiling during differentiation of human monocytes to macrophages
or dendritic cells. J Leukocyte Biol. (2007) 82:710-20. doi: 10.1189/j1b.0307194

28. Vasandan AB, Jahnavi S, Shashank C, Prasad P, Kumar A, Prasanna SJ. Human
Mesenchymal stem cells program macrophage plasticity by altering their metabolic
status via a PGE 2 -dependent mechanism. Sci Rep. (2016) 6:38308. doi: 10.1038/
srep38308

29. Fernando MR, Giembycz MA, McKay DM. Bidirectional crosstalk via IL-6,
PGE2 and PGD2 between murine myofibroblasts and alternatively activated
macrophages enhances anti-inflammatory phenotype in both cells. Br J Pharmacol.
(2016) 173:899-912. doi: 10.1111/bph.13409

30. Wong KL, Tai JJ-Y, Wong W-C, Han H, Sem X, Yeap W-H, et al. Gene
expression profiling reveals the defining features of the classical, intermediate, and
nonclassical human monocyte subsets. Blood. (2011) 118:e16-31. doi: 10.1182/blood-
2010-12-326355

31. de Castro MS, Miyazawa M, Nogueira ESC, Chavasco JK, Brancaglion GA,
Cerdeira CD, et al. Photobiomodulation enhances the Th1 immune response of human
monocytes. Lasers Med Sci. (2022) 37:135-48. doi: 10.1007/s10103-020-03179-9

32. Yang ], HuJ, Feng L, Yi S, Ye Z, Lin M, et al. Decreased expression of TGR5 in
vogt-koyanagi-harada (VKH) disease. Ocular Immunol Inflammation. (2020) 28:200—
8. doi: 10.1080/09273948.2018.1560477

33. Watanabe R, Shirai T, Namkoong H, Zhang H, Berry GJ, Wallis BB, et al.
Pyruvate controls the checkpoint inhibitor PD-LI and suppresses T cell immunity. J
Clin Invest. (2017) 127:2725-38. doi: 10.1172/JCI92167

34. Rostam HM, Reynolds PM, Alexander MR, Gadegaard N, Ghaemmaghami AM.
Image based Machine Learning for identification of macrophage subsets. Sci Rep.
(2017) 7:3521. doi: 10.1038/s41598-017-03780-z

35. Biswas SK, Mantovani A. Macrophage plasticity and interaction with
lymphocyte subsets: cancer as a paradigm. Nat Immunol. (2010) 11:889-96.
doi: 10.1038/ni.1937

36. Tsatsanis C, Androulidaki A, Venihaki M, Margioris AN. Signalling networks
regulating cyclooxygenase-2. Int ] Biochem Cell Biol. (2006) 38:1654-61. doi: 10.1016/
j.biocel.2006.03.021

37. Gorina R, Lyck R, Vestweber D, Engelhardt B. [amp]]beta;2 integrin-mediated
crawling on endothelial ICAM-1 and ICAM-2 is a prerequisite for transcellular
neutrophil diapedesis across the inflamed blood-brain barrier. J Immunol. (2014)
192:324-37. doi: 10.4049/jimmunol.1300858

38. Bui TM, Wiesolek HL, Sumagin R. ICAM-1: A master regulator of cellular
responses in inflammation, injury resolution, and tumorigenesis. J Leukoc Biol. (2020)
108:787-99. doi: 10.1002/JLB.2MR0220-549R

39. Liu J, Qian C, Cao X. Post-translational modification control of innate
immunity. Immunity. (2016) 45:15-30. doi: 10.1016/j.immuni.2016.06.020

40. Ting JP-Y, Trowsdale J. Genetic control of MHC class II expression. Cell. (2002)
109 Suppl:S21-33. doi: 10.1016/s0092-8674(02)00696-7

41. Boussiotis VA. Molecular and biochemical aspects of the PD-1 checkpoint
pathway. N Engl ] Med. (2016) 375:1767-78. doi: 10.1056/NEJMral514296

42. Volpe E, Sambucci M, Battistini L, Borsellino G. Fas—fas ligand: checkpoint of T
cell functions in multiple sclerosis. Front Immunol. (2016) 7:382. doi: 10.3389/
fimmu.2016.00382

43. Forteza MJ, Polyzos KA, Baumgartner R, Suur BE, Mussbacher M, Johansson
DK, et al. Activation of the regulatory T-cell/indoleamine 2,3-dioxygenase axis reduces
vascular inflammation and atherosclerosis in hyperlipidemic mice. Front Immunol.
(2018) 9:950. doi: 10.3389/fimmu.2018.00950

44. Ivanov P, Anderson P. Post-transcriptional regulatory networks in immunity.
Immunol Rev. (2013) 253:253-72. doi: 10.1111/imr.12051

45. Sugiura D, Maruhashi T, Okazaki I-M, Shimizu K, Maeda TK, Takemoto T, et al.
Restriction of PD-1 function by cis-PD-L1/CD80 interactions is required for optimal T
cell responses. Science. (2019) 364:558-66. doi: 10.1126/science.aav7062

46. He X, Jiang W, Luo Z, Qu T, Wang Z, Liu N, et al. IFN-y regulates human dental
pulp stem cells behavior via NF-xB and MAPK signaling. Sci Rep. (2017) 7:40681.
doi: 10.1038/srep40681

frontiersin.org


https://doi.org/10.1186/ar86
https://doi.org/10.1038/nrrheum.2016.91
https://doi.org/10.1038/nrrheum.2016.91
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.3389/fimmu.2022.863449
https://doi.org/10.1007/978-1-4939-1311-4_6
https://doi.org/10.1007/978-1-4939-1311-4_15
https://doi.org/10.1007/978-1-4939-1311-4_15
https://doi.org/10.1007/978-1-4939-1311-4_4
https://doi.org/10.1007/978-1-4939-1311-4_4
https://doi.org/10.1038/nri3088
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1038/nrm3049
https://doi.org/10.1038/nrm3049
https://doi.org/10.1016/j.tips.2020.06.009
https://doi.org/10.1007/s00018-019-03125-1
https://doi.org/10.1080/1744666X.2023.2299729
https://doi.org/10.4103/1673-5374.266043
https://doi.org/10.4103/1673-5374.266043
https://doi.org/10.1007/s12015-016-9661-9
https://doi.org/10.3389/fcell.2020.609204
https://doi.org/10.1111/jdi.12452
https://doi.org/10.1186/s12951-022-01273-4
https://doi.org/10.1186/s13287-020-02039-1
https://doi.org/10.1177/0022034516657817
https://doi.org/10.1186/s12861-015-0065-x
https://doi.org/10.1186/s12861-015-0065-x
https://doi.org/10.1186/s13287-021-02559-4
https://doi.org/10.1038/s41598-024-56845-1
https://doi.org/10.1186/s13287-017-0506-5
www.gazzettaufficiale.it/eli/id/2005/10/27/005G0238/sg
www.gazzettaufficiale.it/eli/id/2015/12/28/15A09709/sg
https://doi.org/10.1189/jlb.0307194
https://doi.org/10.1038/srep38308
https://doi.org/10.1038/srep38308
https://doi.org/10.1111/bph.13409
https://doi.org/10.1182/blood-2010-12-326355
https://doi.org/10.1182/blood-2010-12-326355
https://doi.org/10.1007/s10103-020-03179-9
https://doi.org/10.1080/09273948.2018.1560477
https://doi.org/10.1172/JCI92167
https://doi.org/10.1038/s41598-017-03780-z
https://doi.org/10.1038/ni.1937
https://doi.org/10.1016/j.biocel.2006.03.021
https://doi.org/10.1016/j.biocel.2006.03.021
https://doi.org/10.4049/jimmunol.1300858
https://doi.org/10.1002/JLB.2MR0220-549R
https://doi.org/10.1016/j.immuni.2016.06.020
https://doi.org/10.1016/s0092-8674(02)00696-7
https://doi.org/10.1056/NEJMra1514296
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.3389/fimmu.2018.00950
https://doi.org/10.1111/imr.12051
https://doi.org/10.1126/science.aav7062
https://doi.org/10.1038/srep40681
https://doi.org/10.3389/fimmu.2024.1440974
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Maccaferri et al.

47. Lan C, Chen S, Jiang S, Lei H, Cai Z, Huang X. Different expression patterns of
inflammatory cytokines induced by lipopolysaccharides from Escherichia coli or
Porphyromonas gingivalis in human dental pulp stem cells. BMC Oral Health.
(2022) 22:121. doi: 10.1186/s12903-022-02161-x

48. Moravej A, Karimi M-H, Geramizadeh B, Azarpira N, Zarnani A-H, Yaghobi R,
et al. Mesenchymal stem cells upregulate the expression of PD-L1 but not VDR in
dendritic cells. Immunol Investigations. (2017) 46:80-96. doi: 10.1080/
08820139.2016.1225757

49. Holan V, Hermankova B, Bohacova P, Kossl J, Chudickova M, Hajkova M, et al.
Distinct immunoregulatory mechanisms in mesenchymal stem cells: role of the
cytokine environment. Stem Cell Rev Rep. (2016) 12:654-63. doi: 10.1007/s12015-
016-9688-y

50. Yang S, Zhao M, Jia S. Macrophage: Key player in the pathogenesis of
autoimmune diseases. Front Immunol. (2023) 14:1080310. doi: 10.3389/
fimmu.2023.1080310

51. Manfredi A, Luppi F, Cassone G, Vacchi C, Salvarani C, Sebastiani M.
Pathogenesis and treatment of idiopathic and rheumatoid arthritis-related interstitial
pneumonia. possible lesson COVID-19 pneumonia Expert Rev Clin Immunol. (2020)
16:751-70. doi: 10.1080/1744666X.2020.1803064

52. Kurowska-Stolarska M, Alivernini S. Synovial tissue macrophages in joint
homeostasis, rheumatoid arthritis and disease remission. Nat Rev Rheumatol. (2022)
18:384-97. doi: 10.1038/s41584-022-00790-8

53. Guerriero JL. Chapter three - macrophages: their untold story in T cell activation
and function. In: Galluzzi L, Rudqvist N-P, editors. International review of cell and
molecular biology. Biology of T cells - part B. Academic Press (2019). p. 73-93.
doi: 10.1016/bs.ircmb.2018.07.001

54. Mussbacher M, Derler M, Basilio J, Schmid JA. NF-kB in monocytes and
macrophages — an inflammatory master regulator in multitalented immune cells. Front
Immunol. (2023) 14:1134661. doi: 10.3389/fimmu.2023.1134661

55. Ren G, Zhao X, Wang Y, Zhang X, Chen X, Xu C, et al. CCR2-dependent
recruitment of macrophages by tumor-educated mesenchymal stromal cells promotes
tumor development and is mimicked by TNFo. Cell Stem Cell. (2012) 11:812-24.
doi: 10.1016/j.stem.2012.08.013

56. Tomic S, Djokic J, Vasilijic S, Vucevic D, Todorovic V, Supic G, et al.
Immunomodulatory properties of mesenchymal stem cells derived from dental pulp
and dental follicle are susceptible to activation by toll-like receptor agonists. Stem Cells
Dev. (2011) 20:695-708. doi: 10.1089/s¢d.2010.0145

57. Sonoda S, Yamaza H, Ma L, Tanaka Y, Tomoda E, Aijima R, et al. Interferon-
gamma improves impaired dentinogenic and immunosuppressive functions of
irreversible pulpitis-derived human dental pulp stem cells. Sci Rep. (2016) 6:19286.
doi: 10.1038/srep19286

58. Saldana L, Bensiamar F, Valles G, Mancebo FJ, Garcia-Rey E, Vilaboa N.
Immunoregulatory potential of mesenchymal stem cells following activation by
macrophage-derived soluble factors. Stem Cell Res Ther. (2019) 10:58. doi: 10.1186/
513287-019-1156-6

Frontiers in Immunology

16

10.3389/fimmu.2024.1440974

59. Philipp D, Suhr L, Wahlers T, Choi Y-H, Paunel-Gorgiilii A. Preconditioning of
bone marrow-derived mesenchymal stem cells highly strengthens their potential to
promote IL-6-dependent M2b polarization. Stem Cell Res Ther. (2018) 9:286.
doi: 10.1186/s13287-018-1039-2

60. Wiesolek HL, Bui TM, Lee J], Dalal P, Finkielsztein A, Batra A, et al. Intercellular
adhesion molecule 1 functions as an efferocytosis receptor in inflammatory
macrophages. Am ] Pathol. (2020) 190:874-85. doi: 10.1016/j.ajpath.2019.12.006

61. LiX, Wang Q, Ding L, Wang Y-X, Zhao Z-D, Mao N, et al. Intercellular adhesion
molecule-1 enhances the therapeutic effects of MSCs in a dextran sulfate sodium-
induced colitis models by promoting MSCs homing to murine colons and spleens. Stem
Cell Res Ther. (2019) 10:267. doi: 10.1186/s13287-019-1384-9

62. Liu S, Liu F, Zhou Y, Jin B, Sun Q, Guo S. Immunosuppressive property of MSCs
mediated by cell surface receptors. Front Immunol. (2020) 11:1076. doi: 10.3389/
fimmu.2020.01076

63. Ren G, Zhao X, Zhang L, Zhang J, L’Huillier A, Ling W, et al. Inflammatory
cytokine-induced intercellular adhesion molecule-1 and vascular cell adhesion
molecule-1 in mesenchymal stem cells are critical for immunosuppression. J
Immunol. (2010) 184:2321-8. doi: 10.4049/jimmunol.0902023

64. DiTinco R, Bertani G, Pisciotta A, Bertoni L, Pignatti E, Maccaferri M, et al. Role
of PD-L1 in licensing immunoregulatory function of dental pulp mesenchymal stem
cells. Stem Cell Res Ther. (2021) 12:598. doi: 10.1186/s13287-021-02664-4

65. Saraiva M, Vieira P, O’Garra A. Biology and therapeutic potential of interleukin-
10. J Exp Med. (2019) 217:¢20190418. doi: 10.1084/jem.20190418

66. Singh M, Thakur M, Mishra M, Yadav M, Vibhuti R, Menon AM, et al. Gene
regulation of intracellular adhesion molecule-1 (ICAM-1): A molecule with multiple
functions. Immunol Lett. (2021) 240:123-36. doi: 10.1016/j.imlet.2021.10.007

67. Kang Y-J, Mbonye UR, DeLong CJ, Wada M, Smith WL. Regulation of
intracellular cyclooxygenase levels by gene transcription and protein degradation.
Prog Lipid Res. (2007) 46:108-25. doi: 10.1016/j.plipres.2007.01.001

68. Kavurma MM, Khachigian LM. Signaling and transcriptional control of Fas
ligand gene expression. Cell Death Differ. (2003) 10:36-44. doi: 10.1038/sj.cdd.4401179

69. Ferreira JR, Teixeira GQ, Santos SG, Barbosa MA, Almeida-Porada G, Gongalves
RM. Mesenchymal stromal cell secretome: influencing therapeutic potential by cellular
pre-conditioning. Front Immunol. (2018) 9:2837. doi: 10.3389/fimmu.2018.02837

70. Luzuriaga J, Irurzun J, Irastorza I, Unda F, Ibarretxe G, Pineda JR. Vasculogenesis
from human dental pulp stem cells grown in matrigel with fully defined serum-free
culture media. Biomedicines. (2020) 8:483. doi: 10.3390/biomedicines8110483

71. Salajegheh A. Introduction to angiogenesis in normal physiology, disease and
Malignanc. In: Salajegheh A, editor. Angiogenesis in health, disease and Malignancy.
Springer International Publishing, Cham (2016). p. 1-9. doi: 10.1007/978-3-319-
28140-7_1

72. Gardin C, Bosco G, Ferroni L, Quartesan S, Rizzato A, Tatullo M, et al.
Hyperbaric oxygen therapy improves the osteogenic and vasculogenic properties of
mesenchymal stem cells in the presence of inflammation. In Vitro Int ] Mol Sci. (2020)
21:1452. doi: 10.3390/ijms21041452

frontiersin.org


https://doi.org/10.1186/s12903-022-02161-x
https://doi.org/10.1080/08820139.2016.1225757
https://doi.org/10.1080/08820139.2016.1225757
https://doi.org/10.1007/s12015-016-9688-y
https://doi.org/10.1007/s12015-016-9688-y
https://doi.org/10.3389/fimmu.2023.1080310
https://doi.org/10.3389/fimmu.2023.1080310
https://doi.org/10.1080/1744666X.2020.1803064
https://doi.org/10.1038/s41584-022-00790-8
https://doi.org/10.1016/bs.ircmb.2018.07.001
https://doi.org/10.3389/fimmu.2023.1134661
https://doi.org/10.1016/j.stem.2012.08.013
https://doi.org/10.1089/scd.2010.0145
https://doi.org/10.1038/srep19286
https://doi.org/10.1186/s13287-019-1156-6
https://doi.org/10.1186/s13287-019-1156-6
https://doi.org/10.1186/s13287-018-1039-2
https://doi.org/10.1016/j.ajpath.2019.12.006
https://doi.org/10.1186/s13287-019-1384-9
https://doi.org/10.3389/fimmu.2020.01076
https://doi.org/10.3389/fimmu.2020.01076
https://doi.org/10.4049/jimmunol.0902023
https://doi.org/10.1186/s13287-021-02664-4
https://doi.org/10.1084/jem.20190418
https://doi.org/10.1016/j.imlet.2021.10.007
https://doi.org/10.1016/j.plipres.2007.01.001
https://doi.org/10.1038/sj.cdd.4401179
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.3390/biomedicines8110483
https://doi.org/10.1007/978-3-319-28140-7_1
https://doi.org/10.1007/978-3-319-28140-7_1
https://doi.org/10.3390/ijms21041452
https://doi.org/10.3389/fimmu.2024.1440974
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Human dental pulp stem cells modulate pro-inflammatory macrophages both through cell-to-cell contact and paracrine signaling
	1 Introduction
	2 Materials and methods
	2.1 Cell cultures
	2.2 Macrophages polarization and hDPSCs co-cultures
	2.3 Labelling of hDPSCs with fluorescent probe
	2.4 Macrophages and hDPSCs direct co-culture immunomagnetic separation
	2.5 RNA extraction and real-time PCR
	2.6 Western blot
	2.7 ELLA cytokines test
	2.8 Immunofluorescence imaging
	2.9 Co-localization analysis
	2.10 Statistical analysis

	3 Results
	3.1 M1 macrophages after hDPSCs co-culture became more flatten
	3.2 Macrophages-hDPSCs co-culture did not affect macrophages polarization
	3.3 Only hDPSCs direct co-culture decreased M1 inflammatory mediator’s expression and enhanced ICAM-1 expression
	3.4 hDPSCs regulated M1 immune modulator expression differently based on whether in direct contact or in a paracrine manner.
	3.5 Both types of hDPSCs-M1 cultures reduced TNFα and enhanced IL-10 release but also enhanced other pro-inflammatory cytokines
	3.6 CD80 PD-L1 co-localization decreased in M1 and M2 after direct hDPSC co-culture
	3.7 Effects of co-culture with M1 macrophages on hDPSCs

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	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


