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Abstract: Human mesenchymal stem cells (hMSCs) are promising candidates for stem cell therapy
and are known to secrete programmed death-1 (PD-1) ligand 1 (PD-L1) regulating T cell-mediated
immunosuppression. Given the limitations of current stem cell therapy approaches, improvements
in immunomodulatory capacity and stem cell differentiation efficacy are needed. In this study, we
propose novel strategies to overcome the challenges that remain in hMSC-mediated bone regeneration.
We found that PD-1 is highly expressed in osteoblasts, and the PD-1/PD-L1 axis mediated the
decreased proinflammatory cytokine expressions in differentiated osteoblasts cocultured with human
adipose derived mesenchymal stem cells (hADMSCs). Moreover, the decrease was attenuated by
PD-1/PD-L1 pathway inhibition. Osteogenic properties including osteogenic gene expression and
calcium deposits were increased in osteoblasts cocultured with hADMSCs compared with those that
were monocultured. Osteoblasts treated with PD-L1 and exosomes from hADMSCs also exhibited
enhanced osteogenic properties, including calcium deposits and osteogenic gene expression. In our
cocultured system that mimics the physiological conditions of the bone matrix, the PD-1/PD-L1 axis
mediated the increased expression of osteogenic genes, thereby enhancing the osteogenic properties,
while the calcium deposits of osteoblasts were maintained. Our results provide the therapeutic
potentials and novel roles of the PD-1/PD-L1 axis in bone matrix for modulating the bone properties
and immunosuppressive potentials that can aid in the prevention of bone diseases via maintaining
bone homeostasis.

Keywords: PD-1/PD-L1 axis; osteoblasts; bone regeneration; bone homeostasis; hADMSCs

1. Introduction

Human mesenchymal stem cells (hMSCs) are known to possess great potential in stem
cell therapy due to their immunosuppressive effects and multipotency that enables them to
differentiate into diverse cell types, including osteoblasts, adipocytes, chondrocytes, and
neuronal cells [1,2]. hMSCs migrate into injured tissue and repair the damaged sites in
response to specific homing signals [3]. They possess various types of cell surface receptors
and the immunosuppressive properties of hMSCs are known to be mediated via interaction
between ligands and their surface receptors [4]. Likewise, we previously demonstrated
the regulatory mechanism and the function of CXCR6 during the differentiation process
of hMSCs [5,6]. The receptors on hMSCs and differentiated cells play various biologi-
cal roles in, for example, cell homing, macrophage polarization, and the acceleration of
differentiation [1,5,7].

hMSCs also secrete various biological factors, including chemokines, extracellular vesi-
cles, and growth factors that are related to intracellular communication [8]. Programmed
death-1 (PD-1) ligand 1 (PD-L1) is one of the hMSC-secreted agents that contribute to T cell-
mediated immunosuppression under physiological conditions [9]. PD-L1 expressed by
tumor cells is known to interact with its receptor PD-11in T cells and inhibits T cell activation,
proliferation, and survival, eventually leading to the progression of tumors [10]. However,

Cells 2022, 11, 3152. https:/ /doi.org/10.3390/ cells11193152

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells11193152
https://doi.org/10.3390/cells11193152
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-0459-4937
https://doi.org/10.3390/cells11193152
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11193152?type=check_update&version=2

Cells 2022, 11, 3152

20f17

a better understanding of the immunosuppressive role of the PD-1/PD-L1 axis may provide
us with insights that will be especially beneficial for those fields that deal with immunomod-
ulatory functions [11]. Recent studies have revealed that PD-L1 exists in extracellular form
and that exosomal PD-L1 is mostly secreted by tumor cells, including melanoma cells,
breast cancer cells, and colon cancer cells, modulating immune responses [12,13]. hMSCs
are also known to secrete exosomal PD-L1, but what we know about the PD-1/PD-L1 axis
in stem cell research is limited to its immunosuppressive functions [14].

hMSCs can be isolated from various tissue and organs such as bone marrow, adipose
tissue, and umbilical cord [15]. Among them, the adipose-tissue-derived mesenchymal
stem cells possess great potential for bone tissue engineering due to the easy isolation
processes, significative quantities in harvesting, and high paracrine activity through the
secretion of various bioactive molecules [16].

Bone is a complex and dynamic organ that is constantly being remodeled, and bone
metabolism is balanced through the activity of osteoblasts and osteoclasts in tissues [17,18].
Osteoblasts are differentiated from pluripotential mesenchymal cell lineages, whereas
osteoclasts arise from immune cells such as monocytes-macrophages lineages [19]. It is
well known that the PD-1/PD-L1 axis plays a role in osteoclast formation and activity,
reflected by the fact that osteoclasts are differentiated from immune cells [20,21]. However,
the role of the PD-1/PD-L1 axis in osteoblasts and its modulatory function on the bone
matrix is yet to be studied.

Here, we first demonstrate the regulatory function and immunomodulatory effects
of the PD-1/PD-L1 axis on osteogenic properties in osteoblasts as well as its regenerative,
homeostasis-maintaining effects in a cocultured system of osteoblasts and osteoclasts.

2. Materials and Methods
2.1. hADMSCs Culture and Adipogenic or Osteogenic Differentiation

Human adipose-derived mesenchymal stem cells (hADMSCs) were purchased from
CEFO (Seoul, Korea). The cells with biological passage number 4 were seeded into ap-
propriate cell culture dishes at the density of 6000 cells/cm? and cultured in hADMSC
growth medium (CEFO, Seoul, Korea) until cells were 80% confluent. Adipogenic differ-
entiation was induced for 21 days in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, Amarillo, TX, USA), containing 1% penicillin-streptomycin (Gibco, Amar-
illo, TX, USA), 10% fetal bovine serum (Alphabioregen, Boston, MA, USA), 1 uM dex-
amethasone (Sigma-Aldrich Chemicals, St. Louis, MO, USA), 100 uM indomethacin
(Sigma-Aldrich Chemicals, St. Louis, MO, USA), 10 ug/mL insulin (Welgene, Daegu,
Korea), and 500 uM 3-isobutyl-1-methylxanthine (Sigma-Aldrich Chemicals, St. Louis, MO,
USA). Osteogenic differentiation was induced by culturing cells for 21 days in osteogenic
differentiation medium containing low-glucose DMEM (Gibco, Amarillo, TX, USA), 1%
penicillin—streptomycin (Gibco, Amarillo, TX, USA), 10% fetal bovine serum (Alphabiore-
gen, Boston, MA, USA), 0.1 uM dexamethasone (Sigma-Aldrich Chemicals, St. Louis, MO,
USA), 10 mM B-glycerophosphate (Sigma-Aldrich Chemicals, St. Louis, MO, USA), and
50 uM L-ascorbic acid-2-phosphate (Sigma-Aldrich Chemicals, St. Louis, MO, USA).

2.2. Oil Red O (ORO) Staining

Adipocytes were washed twice with PBS and fixed with 10% formalin (Sigma-Aldrich
Chemicals, St. Louis, MO, USA) for 10 min. After fixation, cells were washed with PBS
and 60% isopropanol (Sigma-Aldrich Chemicals, St. Louis, MO, USA) and dried. ORO
solution (Sigma-Aldrich Chemicals, St. Louis, MO, USA) was used to stain the cells at room
temperature for 30 min. Stained cells were washed twice with distilled water and imaged
by microscopy (Leica, Wetzlar, Germany). To quantify the remaining ORO-stained cells,
the dye was dissolved with 100% isopropanol and absorbance was measured at 492 nm
with a microplate reader (Tecan, Mdnnedorf, Switzerland).
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2.3. Alizarin Red S (ARS) Staining

Osteoblasts were washed twice with PBS (Biosolution, Seoul, Korea) and fixed with
10% formalin (Sigma-Aldrich Chemicals, St. Louis, MO, USA) for 15 min. After fixation,
cells were washed with PBS (Biosolution, Seoul, Korea) and then treated with ARS staining
solution (Sigma-Aldrich Chemicals, St. Louis, MO, USA) for 45 min at room temperature in
the dark. Next, cells were washed five times with distilled water and imaged by microscopy
(Leica, Wetzlar, Germany). To quantify the ARS-stained cells, they were dissolved with 10%
cetylpyridinium chloride (Sigma-Aldrich Chemicals, St. Louis, MO, USA) and absorbance
was measured at 570 nm with a microplate reader (Tecan, Mdnnedorf, Switzerland).

2.4. RNA Extraction and Real-Time PCR

Total mRNA from cells was isolated using RNeasy kits (Quiagen, Hilden, Germany) ac-
cording to the manufacturer’s protocol. cDNA was synthesized with 0.5 pg of total mRNA
template using Reverse Transcription Master Premix (ELPIS, Daejeon, Korea) according to
the manufacturer’s instructions. To amplify cDNA, 40 cycles of PCR were performed with
SYBR Green PCR Master Mix (KAPA Biosystem, Wilmington, NC, USA). The expression
level of each target gene was normalized with an internal control, GAPDH. The specific
oligonucleotide primers used in this study are listed in Table 1.

Table 1. List of oligonucleotide primers used in the study.

Gene Name Sequences
PD-1 Forward CCCTGGTGGTTGGTGTCGT
: Reverse GCCTGGCTCCTATTGTCCCTC
TNE Forward AGAGAAGCCAACTACAGACC
x Reverse CAGTATGTGAGAGGAAGAGAA
L6 Forward CAGAACAGATTTGAGAGTAGTGA
- Reverse CGCAGAATGAGATGAGTTGT
IL-1p Forward GGCTTATTACAGTGGCAATG
Reverse TAGTGGTGGTCGGAGATT
ALP Forward TCATCCGTGGTTGTATCA
Reverse GTGGTCTCAGTAGCATCT
RUNX2 Forward AAGGCAGTTACATATCAATACAG
Reverse GAGGCAGAGGCTTCAATA
OCN Forward CGGAGTAGTCATCATTGTG
Reverse CGAGTGTTCATTCTGTTCA
FABP4 Forward TCAAGAGCACCATAACCTT
Reverse TTCCACCACCAGTTTATCA
Adiponectin Forward ACCACTATGATGGCTCCACT
p Reverse GGTGAAGAGCATAGCCTTGT
PPAR Forward CGAAGACATTCCATTCACAA
Y Reverse CACAGACACGACATTCAAT
GAPDH Forward TATGACAACAGCCTCAAGAT
Reverse GAGTCCTTCCACGATACC

2.5. Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich Chemicals, St. Louis, MO,
USA) for 10 min, then washed twice with ice cold TBST, and 1% bovine serum albumin
was used to block the samples for 30 min. Cells were then incubated with human PD-1
(R&D Systems, Minneapolis, MN, USA) primary antibody at 4 °C overnight. Donkey
anti-goat IgG NorthernLights (R&D Systems, Minneapolis, MN, USA) was added as sec-
ondary antibody for 1 h. Nuclei were counterstained with 4,6-diamidino-2-phenylindole
(DAPI). Confocal fluorescent images were obtained with a confocal microscope (Carl Zeiss,
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Oberkochen, Germany), and the fluorescence was quantified with Image] (National Insti-
tutes of Health, Bethesda, MD, USA). Intracellular fluorescence intensity /DAPI intensity
was assessed as “relative fluorescence intensity”.

2.6. Western Blot Analysis

Cells were lysed with lysis buffer containing RIPA buffer (Biosolution, Seoul, Ko-
rea), protease inhibitor, and phosphatase inhibitor cocktail 2/3 (Sigma-Aldrich Chemicals,
St. Louis, MO, USA). The protein concentration for each sample was quantified using a
BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. The proteins (50 pg) were separated and then transferred onto
PVDEF membranes. The samples were blocked for 1 h with 5% skim milk (BD, Franklin
Lakes, NJ, USA). Membranes were then incubated with primary antibodies against ALP
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), COL1A1 (Abcam, Cambridge, UK),
OCN (Santa Cruz Biotechnology, Santa Cruz, CA, USA), RUNX2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), PDLIMS3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Anti-rabbit IgG HRP-linked
antibody (Cell Signaling Technology, Danvers, MA, USA) and m-IgGk BP-HRP (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) antibodies were used as secondary antibodies. The
specific information of the antibodies used in the study are listed below as Table 2. Chemi-
Doc (Bio-Rad Laboratories, Hercules, CA, USA) was used to visualize the membranes with
enhanced chemiluminescence detection reagent (GE Healthcare, Chicago, IL, USA).

Table 2. List of antibodies used in the study.

Target Catalogue Number Dilution
ALP SC-271431 1/500
COL1A1 Ab34710 1/500
OCN SC-7449 1/500
RUNX2 SC-10758 1/500
PDLIM3 SC-98652 1/500
-actin SC-47778 1/500
PD-1 AF1086 1/200
Anti-rabbit IgG HRP-linked antibody 7074S 1/1500
m-IgGk BP-HRP S5C-516102 1/1500
Donkey anti-goat IgG NorthernLights NLO003 1/1000

2.7. Exosome Isolation

hADMSCs were cultured in hADMSCs growth medium until they were 80% confluent.
The cell-cultured medium was then replaced with high-glucose DMEM (Gibco, Amarillo,
TX, USA) containing 10% exosome-depleted fetal bovine serum (Gibco, Amarillo, TX, USA)
and incubated for 3 days. Exosome isolation was performed using Total Exosome Isolation
Reagent (Invitrogen, Waltham, MA, USA) and exosome concentration was quantified with
a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
protocols provided by the manufacturers.

2.8. THP-1 Cell Culture and Osteoclasts Differentiation

THP-1 human monocytes were purchased from ATCC (Manassas, VA, USA). Biological
passage number 8 was used to culture the THP-1 cells in RPMI1640 (Welgene, Gyeongsan,
Korea) containing 10% FBS, 2 mM L-glutamine, and 1% penicillin-streptomycin. Cells were
seeded in 6-well plates (Nunc, Rochester, NY, USA) at the density of 3 x 10° cells/well and
differentiated into M0 macrophages using phorbol 12-myristate 13-acetate (Sigma-Aldrich
Chemical, St. Louis, MO, USA) for 48 h. Then, the M0 macrophages were differentiated into
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osteoclasts in high-glucose DMEM (Gibco, Amarillo, TX, USA) containing 1% penicillin-
streptomycin (Gibco, Amarillo, TX, USA), 10% fetal bovine serum (Alphabioregen, Boston,
MA, USA), 50 ng/mL RANKL (R&D Systems, Minneapolis, MN, USA), and 50 ng/mL M-
CSF (R&D Systems, Minneapolis, MN, USA) for 14 days. The differentiation medium was
replaced with fresh medium every 2 days. TRAP-positive osteoclasts were validated using
a TRAP staining kit (Cosmo Bio, Tokyo, Japan) according to the manufacturer’s protocol.

2.9. Coculture of RADMSCs with Differentiated Cells

hADMSCs were seeded in 6-well cell culture plates at the density of 6000 cells/cm? and
differentiated into adipocytes or osteoblasts for 21 days after the cells were 80% confluent.
Another set of hADMSCs cells were seeded in 0.4 uM Transwell inserts (Corning Inc., Corn-
ing, NY, USA) at the density of 6000 cells/cm? and incubated until they were 80% confluent.
Then, the 0.4 uM Transwell inserts with hADMSCs of 80% confluency were added to the
differentiated cells in 6-well cell culture plates and cocultured in low-glucose DMEM (Gibco,
Amarillo, TX, USA) supplemented with 1% penicillin-streptomycin (Gibco, Amarillo, TX,
USA), 10% fetal bovine serum (Alphabioregen, Boston, MA, USA) for 3 or 7 days.

2.10. Establishment of In Vitro Bone Matrix System with Osteoblasts and Osteoclasts

hADMSCs were seeded in 6-well cell culture plates at the density of 6000 cells /cm?
and differentiated into osteoblasts for 21 days after they were 80% confluent. THP-1
human monocytes were seeded in a 0.4 uM Transwell insert (Corning Inc., Corning, NY,
USA) at a density of 3 x 10° cells/well and differentiated into MO macrophages using
phorbol 12-myristate 13-acetate (Sigma-Aldrich Chemical, St. Louis, MO, USA) for 48 h.
Then, the differentiation of MO macrophages to osteoclasts was induced in high-glucose
DMEM (Gibco, Amarillo, TX, USA) supplemented with the osteoclast differentiation agents
described above for 14 days. The differentiation medium was replaced with fresh medium
every 2 days. Finally, the 0.4 uM Transwell inserts with the differentiated osteoclasts were
added to the 6-well cell culture plates with differentiated osteoblasts and cocultured in low-
glucose DMEM (Gibco, Amarillo, TX, USA) supplemented with 1% penicillin-streptomycin
(Gibco, Amarillo, TX, USA) and 10% fetal bovine serum (Alphabioregen, Boston, MA, USA)
for 3 days.

2.11. Treatment of PD-L1 and hADMSCs Derived Exosomes

hADMSCs were seeded in 6-well cell culture plates at the density of 6000 cells /cm?
and differentiated into osteoblasts for 21 days after they were 80% confluent. THP-1 human
monocytes were seeded at the density of 3 x 10° cells/well and differentiated into M0
macrophages for 48 h, then differentiated into osteoclasts for 14 days. The cocultured
environments (osteoblasts with hADMSCs, osteoblasts with osteoclasts) were established
as mentioned above. PD-L1 (500 ng/mL) and exosome (10 pg/mL, 2.5 x 108 particles/mL)
treatment upon osteoblasts, cocultured osteoblasts with hADMSCs, and cocultured os-
teoblasts with osteoclasts were performed for 3 days.

2.12. Inhibition of the PD-1/PD-L1 Pathway

hADMSCs were seeded in 6-well cell culture plates at the density of 6000 cells/cm?
and differentiated into adipocytes or osteoblasts for 21 days after they were 80% confluent.
THP-1 human monocytes were seeded at the density of 3 x 10° cells/well and differentiated
into MO macrophages for 48 h, then differentiated into osteoclasts for 14 days. PD-1/PD-L1
axis inhibition was performed in monocultured adipocytes, cocultured adipocytes with
hADMSCs, osteoblasts, cocultured osteoblasts with hADMSCs and cocultured osteoblasts
with osteoclasts. PD-1/PD-L1 axis inhibition was performed to validate the function of
the PD-1/PD-L1 axis. Cells were treated with 10 uM PD-1/PD-L1 axis inhibitor BMS202
(MedChemExpress, Princeton, NJ, USA) for 3 days to induce thermal stabilization of PD-L1
and block human PD-1/PD-L1 interactions.
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2.13. Enzyme-Linked Immunosorbent Assay (ELISA)

Secretion levels of proinflammatory cytokines, TNF-o, and IL-1f3 in cell culture media
of monocultured osteoblasts, cocultured osteoblasts with hADMSCs, and PD-L1 treated
osteoblasts were determined using human TNF-« and an IL-13, ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.14. Nano Particle Tracking Analysis (NTA)

The isolated exosomes were diluted (1/200 dilution) in DPBS (Gibco, Amarillo, TX,
USA) and 0.3 mL supernatant was loaded into the sample chamber of an LM10 unit
(Nanosight, Amesbury, UK) The data were analyzed with a NanoSight NTA 3.4 analytical
software unit (Nanosight, Amesbury, UK). A power of 55 mW and wavelength of 642 nm
laser beam were used at 22 °C. A total of 100 control beads were used to calibrate the
condition of the instrument.

2.15. Statistical Analysis

GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA) was used for all
statistical analyses. Results are expressed as the mean =+ standard error of at least three
independent experiments, and the numbers of experiments (IN) are specified on each figure.
Differences were assessed with one-way ANOVA and Tukey’s test to account for multiple
comparisons. Comparisons of only two samples were assessed with Student’s {-test.

3. Results
3.1. PD-1 Expression in Differentiated Cells Derived from hADMSCs

The expression levels of PD-1 in differentiated cells compared with those in hADM-
SCs were evaluated (Figure 1). Cells were differentiated into adipocytes or osteoblasts
for 21 days in differentiation medium as described (Figure S1). The relative mRNA ex-
pression level of PD-1 was increased in osteoblasts compared to hRADMSCs, whereas that
of adipocytes showed no significant change (Figure 1A-C). The relative fluorescence in-
tensity of PD-1 in osteoblasts compared with hADMSCs showed corresponding results,
demonstrating that PD-1 expression varies with differentiation lineages and is significantly
increased in osteogenic differentiated cells (Figure 1D,E). PD-1 is mostly expressed in
immune cells, such as tumor-specific T cells, monocytes, and macrophages [20,22]. We
first elucidated that PD-1 receptor expression increases upon osteogenic differentiation
of hADMSCs, and our results suggest that the increased expression of PD-1 might be
important for the regulation of osteogenic properties due to the reciprocal expression of the
receptor in adipocytes and osteoblasts.
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Figure 1. Relative PD-1 expression levels in differentiated cells derived from hADMSCs. (A) Relative
mRNA expression level of PD-1 in adipocytes (Ad) and (B) osteoblasts (Os) compared with hADMSCs
(human adipose-derived mesenchymal stem cells). (C) Variance in the expression level of PD-1 in
differentiated cells. N = 3 trials per sample and control. (D) Cells were stained with PD-1 (green);
DAPI was used to stain the nuclei (blue). (E) Relative fluorescence intensity of PD-1 receptor on cell
surface of differentiated cells. N =5 trials per sample and control. Data are presented as mean + SEM.
*** p < 0.001, compared with the hADMSCs and Ad group. hADMSCs: human adipose-derived
mesenchymal stem cells; Ad: adipocytes; Os: osteoblasts.

3.2. Immunosuppressive Effects Modulating the Expressions of Proinflammatory Cytokines in
Differentiated Cells Cocultured with hRADMSCs

It is well known that proinflammatory cytokines, including tumor necrosis factor-o
(TNF-«), interleukin-1p (IL-1$3), and interleukin-6 (IL-6), are produced by various cell
types to upregulate inflammatory reactions [23-26]. Recent studies have shown that
blocking PD-L1 promotes IL-6 and TNF-« expression in macrophages [27]. However, the
immunosuppressive effects mediated by crosstalk between pro-inflammatory cytokines
and the PD-1/PD-L1 axis in hRADMSCs and their adjacent cells are yet to be understood.
Here, cocultured environments of differentiated cells and hADMSCs were established
and the expression levels of proinflammatory cytokines were evaluated to investigate the
immunosuppressive effects in differentiated cells mediated by crosstalk with hADMSCs
(Figure 2). The expression levels of TNF-«, IL-18, and IL-6, which act as proinflamma-
tory cytokines, showed no significant differences between cocultured and monocultured
adipocytes (Figure 2A-D). However, osteoblasts cocultured with hADMSCs showed de-
creased proinflammatory cytokine expression levels compared with monocultured os-
teoblasts, reflecting the immunosuppressive potential of hADMSCs (Figure 2E-H). The
secreted proinflammatory cytokine levels of TNF-oc and IL-13 were decreased in the cell-
cultured medium of cocultured osteoblasts with hADMSCs and PD-L1 treated osteoblasts
compared with monocultured osteoblasts (Figure S2). That is, hAADMSCs influenced the co-
cultured osteoblasts, thereby modulating immunosuppressive effects via paracrine actions
through permeable membranes.
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Figure 2. Regulation of the expression levels of proinflammatory cytokines in differentiated cells
cocultured with hADMSCs. (A) Differentiated adipocytes were cocultured with hADMSCs. Relative
mRNA expression levels of (B) TNF-«, (C) IL-18, and (D) IL-6. (E) Differentiated osteoblasts were
cocultured with hADMSCs. Relative mRNA expression levels of (F) TNF-«, (G) IL-18, and (H) IL-6.
N = 3 trials per sample and control. Data are presented as mean + SEM. * p < 0.05 and *** p < 0.001,
compared with the Os group. hADMSCs: human adipose-derived mesenchymal stem cells; Ad:
adipocytes; coAd: cocultured adipocytes; Os: osteoblasts; coOS: cocultured osteoblasts.

3.3. Attenuation of the Expression of Proinflammatory Cytokines by Inhibition of the PD-1/PD-L1
Axis in Differentiated Cells Cocultured with hRADMSCs

To examine whether the PD-1/PD-L1 axis is involved in the decrease in proinflamma-
tory cytokine expression in cocultured osteoblasts, PD-1/PD-L1 interaction was inhibited
by BMS 202 (Figure 3). Expression levels of TNF-«, IL-16, and IL-6 in cocultured adipocytes
were maintained, even when PD-1/PD-L1 interaction was inhibited (Figure 3A-D). How-
ever, the decreased expression of proinflammatory cytokines in cocultured osteoblasts was
attenuated upon inhibition of the PD-1/PD-L1 axis, after which no significant difference be-
tween cocultured and monocultured osteoblasts was detected (Figure 3E-H). We ruled out
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any effect which can affect the cells by showing the changes in the expression levels of proin-
flammatory cytokines upon BMS202 treatment in monocultured osteoblasts (Figure S3).
The changes upon BMS treatment were not statistically significant compared with non-
treated cells and confirmed that the action observed was via the inhibition of PD-1/PD-L1
axis. Taken together, we assume that the elevated expression of PD-1 in differentiated os-
teoblasts interacted with PD-L1 secreted by hADMSCs in cocultured environments, thereby
eliciting an immunosuppressive response in osteoblasts.
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Figure 3. Attenuation of proinflammatory cytokine expression by PD-1/PD-L1 axis inhibition
in differentiated cells cocultured with hADMSCs. (A) PD-1/PD-L1 interaction was inhibited in
differentiated adipocytes cocultured with hADMSCs. Relative mRNA expression levels of (B) TNF-
«, (C) IL-1B, and (D) IL-6. (E) PD-1/PD-L1 interaction was inhibited in differentiated osteoblasts
cocultured with hADMSCs. Relative mRNA expression levels of (F) TNF-«, (G) IL-18, and (H) IL-6.
N = 3 trials per sample and control. Data are presented as mean £+ SEM. hADMSCs: human adipose-
derived mesenchymal stem cells; Ad: adipocytes; coAd: cocultured adipocytes; Os: osteoblasts; coOs:
cocultured osteoblasts; B: BMS 202 (10 uM).
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3.4. Regulatory Effects of the PD-1/PD-L1 Axis on Osteogenic Properties of Osteoblasts Cocultured
with hADMSCs

Recent studies have revealed that proinflammatory cytokine networks are involved
in osteoblast differentiation and bone metabolism processes [28-31]; alkaline phosphatase
(ALP), osteocalcin (OCN), and Runt-related transcription factor 2 (RUNX2) contribute to the
osteogenic differentiation of osteogenic progenitor cells and are considered marker proteins
of differentiated osteoblasts [28,32]. Here, osteogenic marker expressions in monocultured
and cocultured osteoblasts and calcium deposits were evaluated (Figure 4). Compared
with monocultured osteoblasts, those cocultured for 3 or 7 days both exhibited elevated
expression of osteogenic markers (ALP, OCN, RUNX2), which contribute to the enhanced
osteogenic properties (Figure 4A-H). Relative quantities of stained calcium deposits, which
are the product of bone mineralization, were increased in cocultured compared with mono-
cultured osteoblasts, and the increased calcium deposits were attenuated upon inhibition
of PD-1/PD-L1 interaction, after which no significant difference with monocultured os-
teoblasts was observed, as indicated by decreased calcium deposits stained in cocultured
osteoblasts treated with BMS 202 (Figure 41,]). This result indicates that the PD-1/PD-L1
axis not only contributes to the anti-inflammatory action in osteoblasts but also enhances
the osteogenic properties mediated by the interaction between osteoblasts and hADMSCs.
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Figure 4. Effects of the PD-1/PD-L1 axis on osteogenic properties in osteoblasts cocultured with
hADMSCs. (A) Expression levels of osteogenic marker proteins in monocultured or cocultured
osteoblasts for 3 days. Relative expression levels of (B) ALP, (C) OCN, and (D) RUNX2 in cocultured
osteoblasts for 3 days compared with monocultured osteoblasts. (E) Expression levels of osteogenic
marker proteins in monocultured or cocultured osteoblasts for 7 days. Relative expression levels of
(F) ALP, (G) OCN, and (H) RUNX2 in cocultured osteoblasts for 7 days compared with monocultured
osteoblasts. N = 3 trials per sample and control. (I) Enhancement of matrix mineralization in
cocultured osteoblasts and attenuation via inhibition of PD-1/PD-L1 interaction. (J) Stained calcium
deposits were dissolved and quantified. N = 5 trials per sample and control. Data are presented as
mean £ SEM. *** p < 0.001, compared with the Os group and idis p <0.001, compared with the coOs
group. Os: osteoblasts; coOs: cocultured osteoblasts; B: BMS 202 (10 pM).
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3.5. Effect of Exosomal PD-L1 on Bone Matrix Formation of Osteoblasts

To investigate the effect of the PD-1/PD-L1 axis on the bone matrix formation of
osteoblasts, they were treated with PD-L1 and exosomes from hADMSCs (Figure 5). Studies
have shown that PD-L1 is found in extracellular vesicles of certain cell types and that
hMSCs profoundly secrete extracellular vesicles, which act as a modulatory factor of
immune responses [8,13,14]. The exosomes derived from hADMSCs were characterized
with nanoparticle tracking analysis (Figure S54). The concentration was quantified with a
BCA protein assay. Our results show that the treatment with PD-L1 and exosomes from
hADMSCs induced an increase in calcium deposits in treated compared with non-treated
osteoblasts (Figure 5A,B). The expression levels of type 1 collagen (COL1A1), which forms
the extracellular matrix of osteoblasts where the calcium deposits are located, and of PDZ
and LIM domain protein 3 (PDLIM3), which is involved in collagen deposition, were
profoundly increased upon both PD-L1 and exosome treatment (Figure 5C-E). Additionally,
we observed a slight increase in the expression of RUNX2, which tends to be expressed in
mature osteoblasts (Figure 5C,F). The inhibition of the PD-1/PD-L1 interaction diminished
the increased calcium deposits and the expression of PDLIM3 and RUNX2 in both PD-L1-
and exosome-treated osteoblasts (Figure 5G-K). These results indicate that PD-L1 and the
exosomes from hADMSCs interact with PD-1 in osteoblasts, thereby contributing to the
enhanced bone matrix formation and osteogenic properties.
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Figure 5. Regulatory effects of exosomal PD-L1 on bone matrix formation in osteoblasts. (A) Regula-
tory effects on the enhancement of matrix mineralization in PD-L1- and exosome-treated osteoblasts.
(B) Stained calcium deposits were dissolved and quantified. N =5 trials per sample and control.
(C) Expression levels of proteins mediating the osteogenic properties upon PD-L1 and exosome treat-
ment. Relative expression levels of (D) COL1A1, (E) PDLIM3, and (F) RUNX2 in osteoblasts. N =3
trials per sample and control. (G) Attenuation of the enhanced matrix mineralization in PD-L1- and
exosome-treated osteoblasts via blocking of PD-1/PD-L1 interaction. (H) Stained calcium deposits
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were dissolved and quantified. N = 5 trials per sample and control. (I) Expression levels of proteins
mediating the osteogenic properties upon the inhibition of PD-1/PD-L1 interaction in PD-L1- and
exosome-treated osteoblasts. Relative expression levels of (J) PDLIM3 and (K) RUNX2 in osteoblasts.
N =5 trials per sample and control. Data are presented as mean + SEM. ** p < 0.01, and *** p < 0.001,
compared with the Os and Os B group. Os: osteoblasts; PD-L1: PD-L1 (500 ng/mL); Exo: exosome
(10 pg/mL, 2.5 x 108 particles/mL); B: BMS 202 (10 uM).

3.6. Regulatory Effect of the PD-1/PD-L1 Axis on Bone Homeostasis in Cocultured Environments

Bone is extremely complex and a dynamic organ that is constantly remodeled by os-
teoblast and osteoclast crosstalk [19]. The balance between bone formation and bone resorp-
tion that needs to be maintained by osteoblasts and osteoclasts is crucial for the homeostasis
of healthy bone [33]. The THP-1 monocytes were differentiated into osteoclasts and vali-
dated by their morphology and TRAP expression (Figure S5). We established a cocultured
system of osteoblasts derived from hADMSCs and osteoclasts from THP-1 monocytes and
evaluated the regulatory effects of the PD-1/PD-L1 axis on our in vitro bone metabolism
system (Figure 6). Interestingly, PD-L1- or hADMSC-derived exosome treatment in our
cocultured system did not enhance the calcium deposits in the osteoblast-mediated bone
matrix, which is inconsistent with our results depicted in Figure 5 (Figure 6A-C). However,
the expression levels of molecular factors related to the osteogenic properties of osteoblasts,
such as COL1A1, PDLIM3, and RUNX2, were increased upon PD-L1 or exosome treatment
in our cocultured system (Figure 6D-G). Similarly, osteogenic marker expression (ALP,
OCN, RUNX2?) levels were also increased upon PD-L1 and exosome treatment in osteoblasts
cocultured with osteoclasts (Figure 6H-J). The inhibition of PD-1/PD-L1 interaction did
not affect the calcium deposits in the bone matrix, but the expression of COL1A1, which
directly forms the bone matrix, was attenuated in PD-L1/exosome-treated osteoblasts
(Figure 7). These results demonstrate that, unlike in the monocultured environment of os-
teoblasts, the PD-1/PD-L1 axis contributes to the increased expression of the factors related
to the increased osteogenic properties of osteoblasts and maintains the balance between
osteoblasts and osteoclasts in our in vitro bone metabolism model, where it mediates the
bone homeostasis.
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Figure 6. Modulatory effect of exosomal PD-L1 on bone matrix formation in cocultured environment.
(A) Osteoblasts and osteoclasts were cocultured to mimic the bone metabolism under physiological
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conditions. (B) Maintenance of the bone homeostasis in PD-L1- and exosome-treated cocultured
osteoblasts. (C) Stained calcium deposits were dissolved and quantified. N = 5 trials per sample
and control. (D) Expression levels of proteins mediating the osteogenic properties upon PD-L1 and
exosome treatment in cocultured osteoblasts. Relative expression levels of (E) COL1A1, (F) PDLIM3,
and (G) RUNX2. N = 3 trials per sample and control. Relative mRNA expressions of osteogenic
markers (H) ALP, (I) OCN, and (J) RUNX2. N = 3 trials per sample and control. Data are presented as
mean £ SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the Os group. Os: osteoblasts
(cocultured); PD-L1: PD-L1 (500 ng/mL); Exo: exosome (10 ug/mL, 2.5 x 108 particles/mL).
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Figure 7. Attenuation of osteogenic properties in cocultured osteoblasts via inhibition of PD-1/PD-L1
interaction. (A) PD-1/PD-L1 interaction was inhibited in the cocultured environment. (B) Mainte-
nance of bone mineralization in cocultured osteoblasts. (C) Stained calcium deposits were dissolved
and quantified. N = 5 trials per sample and control. (D) Attenuation of the expression levels of pro-
teins mediating osteogenic properties upon inhibition of PD-1/PD-L1 interaction. Relative expression
levels of (E) COL1Al, (F) PDLIM3, and (G) RUNX2. N = 3 trials per sample and control. Data are pre-
sented as mean + SEM. ** p < 0.01, and *** p < 0.001, compared with the Os B group. Os: osteoblasts
(cocultured); PD-L1: PD-L1 (500 ng/mL); Exo: exosome (10 pg/mL, 2.5 x 108 particles/mL); B: BMS
202 (10 uM).
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4. Discussion

hMSCs, the multipotent stem cells that can be differentiated into cells of multiple
lineages, also possess great immunomodulatory properties; efforts are therefore being
made to develop a hMSC-based cell therapy [34,35]. Considering the potential of hMSCs
for regenerative medicine, it is important to improve their immunosuppressive effects
and accelerate hMSC-mediated tissue regeneration to improve the overall efficacy of cell
therapy [36]. PD-L1 is a type 1 transmembrane protein that is expressed in various cell
types [37]. It binds to its receptor PD-1 and has immunoinhibitory functions, such as the
inhibition of T cell responses [38]. There are studies that underline the functions of the
PD-1/PD-L1 axis, but they are limited to cell therapies utilizing the immunomodulatory
properties of the PD-1/PD-L1 axis [12,39]. Likewise, PD-L1 is profoundly expressed in
hMSCs but earlier research on the modulatory function of the PD-1/PD-L1 axis has been
confined to the immunosuppressive functions of hMSCs and their adjacent cells [9,40].
Here, we first demonstrate the potential of the PD-1/PD-L1 axis as a novel molecular target
in stem cell therapy for bone regeneration and the immunomodulation of hMSCs.

We examined the expression levels of PD-1, the receptor of PD-L1, in differentiated
adipocytes and osteoblasts from hADMSCs. Interestingly, our results reveal that PD-1
expression was profoundly increased only in osteoblasts. This raises the possibility that
hADMSCs interact and mediate the immunosuppressive actions in osteoblasts via the
PD-1/PD-L1 axis. To examine whether the PD-1/PD-L1 axis contributes to the interac-
tions between hADMCs and differentiated cells, adipocytes, and osteoblasts were also
cocultured with hADMSCs, and only the cocultured (not the monocultured) osteoblasts
exhibited a decrease in the expression levels of proinflammatory cytokines, due to the
increased expression of PD-1. Cocultured adipocytes did not exhibit any quantitative
changes in the expression levels of proinflammatory cytokines. Upon inhibition of the
PD-1/PD-L1 axis, the immunosuppressive responses in the coculture of osteoblasts with
hADMCs diminished.

It has recently been found that cytokine networks are closely related to osteogenic
properties in osteoblasts [28]. IL-6, TNF-«, and IL-1$ are known to inhibit osteogenesis,
matrix mineralization, and the expressions of osteogenic factors, including ALP, OCN,
RUNX2, and COL1A1 [28-31]. Osteoblasts cocultured with hADMSCs for 3 or 7 days
exhibited an increase in the expressions of osteogenic markers (ALP, OCN, RUNX2), as
predicted. Calcium deposits were increased in cocultured osteoblasts compared with
monocultured osteoblasts, and the increase diminished when the PD-1/PD-L1 axis was
inhibited. These findings clarify that PD-L1 produced from hADMSCs not only contributes
to the immunosuppressive effects but also enhances osteogenic properties in osteoblasts.

PD-L1 is secreted in extracellular form, such as exosomes, by tumor cells to modulate
immune responses [12,13]. Recently, hMSCs have been found to be a source of exosomal
PD-L1 contributing to enhanced immunomodulation [9,14]. We hypothesize that the im-
munosuppressive effects and regulation of osteogenic properties observed in our cocultured
osteoblasts stem from the secretion of PD-L1 by hADMSCs. PD-L1 and hADMSCs-derived
exosome treatment increased the calcium deposits in osteoblasts, whereas RUNX2, which is
profoundly expressed in mature osteoblasts, was increased upon PD-L1 and exosome treat-
ment. Osteoblasts are known to secrete large amounts of COL1A1 as a major component of
the bone matrix [41]. COL1A1 is a key factor for calcium deposits, since calcification occurs
on the collagen fiber matrix, crystalizing the tissue, and collagen deposition is known
to be regulated by PDLIM3 [42-44]. The increased calcium deposits in osteoblasts were
evidenced by elevated expression levels of COL1A1 and PDLIM3 upon PD-L1 and exo-
some treatment. Inhibition of PD-1/PD-L1 interaction diminished the increased osteogenic
properties in osteoblasts, which illustrates that the increased osteogenic properties upon
PD-L1 and exosome treatments were due to the PD-1/PD-L1 axis in osteoblasts.

Bone is constantly rejuvenated by dynamic interactions between osteoblasts and os-
teoclasts [33,45], and several studies have shown the successful establishment of bone
metabolism models in vitro with osteoblasts and osteoclasts [18,46]. Here, we successfully
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established an in vitro cocultured model with hADMSC-derived osteoblasts and TRAP-
positive osteoclasts differentiated from THP-1 monocytes. Interestingly, and different from
our findings in monocultured osteoblasts, PD-L1 and exosome treatment in cocultured
environments did not enhance the calcium deposits in osteoblasts. However, COL1A1 and
PDLIMS3 expression levels increased upon PD-L1 and exosome treatment. The increase in
the expression levels of these factors involved in bone matrix formation diminished upon
PD-1/PD-L1 inhibition, and the calcium deposits were found to be maintained, compared
with non-treated cells. Osteoclasts originate from immune cells such as the monocytes—
macrophages series, and the PD-1/PD-L1 axis is known to contribute to osteoclast formation
and activity [19-21]. Homeostasis during the bone remodeling process mediated by bone
formation and resorption by osteoblasts and osteoclasts is important. If an imbalance occurs
between bone formation and resorption, the bone structure becomes susceptible to osteo-
porosis and osteopetrosis [47]. The calcium deposits in cocultured osteoblasts are formed
as results from the interplay between osteoblasts (bone formation) and osteoclasts (bone
resorption) [48,49]. A recent study showed that the PD-1/PD-L1 axis positively regulates
osteoclast functions, including TRAP activity and differentiation of osteogenic precursor
cells [20]. Based on the information and results, we assumed that the PD-1/PD-L1 axis
positively regulated osteogenic properties in osteoblasts, and the PD-1/PD-L1 axis may
contribute to the properties of osteoclasts, resulting in the maintenance of the calcium depo-
sition levels in PD-L1- and exosome-treated cocultured osteoblasts in our cocultured system,
which means that the PD-1/PD-L1 axis may simultaneously accelerate bone formation and
resorption, maintaining bone homeostasis.

Overall, our study shows that PD-1 expression in osteoblasts contributes to immuno-
suppressive effects and osteogenic properties via the PD-1/PD-L1 axis. We found that the
PD-1/PD-L1 axis in osteoblasts was regulated by hADMSC-derived exosomes in our cocul-
tured system with hADMSCs. PD-L1 separately enhanced osteogenic properties, including
bone mineralization and COL1A1 expression, in osteoblasts. However, PD-L1 rather con-
tributed to bone homeostasis of osteoblasts in our cocultured system of osteoblasts and
osteoclasts. These results provide new insights into molecular therapeutic targets for the
prevention of bone diseases via the PD-1/PD-L1 axis.

5. Conclusions

In this study, we demonstrate how the PD-1/PD-L1 axis modulates immunosuppres-
sive effects and bone homeostasis in osteoblasts differentiated from hADMSCs. We found
that the PD-1/PD-L1 axis contributed to enhanced bone mineralization only in monocul-
tured environments without osteoclasts. Our coculture system reveals that the PD-1/PD-L1
axis affecting both osteoblasts and osteoclasts contributes to the maintenance of bone
homeostasis. These data provide fundamental information on the novel insights into the
PD-1/PD-L1 axis that can be utilized as a therapeutic target in stem cell therapy in the pre-
vention of bone diseases and therefore shed light on some of the challenges that remain in
stem cell therapy, especially regarding the increase in the efficacy of therapeutic approaches.
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Figure S5: Establishment of osteoclast differentiation from THP-1 monocytes.
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