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ABSTRACT

Periodontitis is a microbial-related chronic inflammatory disease associated with imbalanced differentiation
of Thl7 cells and Treg cells. Bone marrow-derived mesenchymal stem cells (BM-MSCs) possess wide
immunoregulatory properties. Long noncoding RNAs (IncRNAs) and microRNAs (miRNAs) contribute to the
immunomodulation in the pathological mechanisms of inflammatory diseases. However, critical
IncRNAs/miRNAs involved in immunomodulation of mandibular BM-MSCs largely remain to be identified.
Here, we explored the molecular mechanisms behind the defective immunomodulatory ability of mandibular
BM-MSCs under the periodontitis settings. We found that mandibular BM-MSCs from P. gingivalis-induced
periodontitis mice had significantly reduced expression of LncRNA SPIRE1 than that from normal control
mice. LncRNA SPIRE1 knockdown in normal BM-MSCs caused Th17/Treg cell differentiation imbalance during
the coculturing of BM-MSCs and CD4 T cells. In addition, LncRNA SPIRE1 was identified as a competitive
endogenous RNA that sponges miR-181a-5p in BM-MSCs. Moreover, miR-181a-5p inhibition attenuated the
impact of LncRNA SPIRE1 knockdown on the ability of BM-MSCs in modulating Th17/Treg balance. Prolactin
receptor (PRLR) was validated as a downstream target of miR-181a-5p. Notably, targeted knockdown of
LncRNA SPIRE1 or PRLR or transfection of miR-181a-5p mimics activated the JAK/STAT3 signaling in normal
BM-MSCs, while treatment with STAT3 inhibitor C188-9 restored the immunomodulatory properties of
periodontitis-associated BM-MSCs. Furthermore, BM-MSCs with miR-181a-5p inhibition or PRLR-overexpression
showed enhanced in vivo immunosuppressive properties in the periodontitis mouse model. Our results indicate
that the JAK/STAT3 pathway is involved in the immunoregulation of BM-MSCs, and provide critical insights into
the development of novel targeted therapies against periodontitis.

INTRODUCTION [1, 2]. As a multifactorial inflammatory disease,

periodontitis affects gingiva and deeper tissues like bone
Periodontitis is a severe gum infection that can lead to and periodontal ligaments [3]. A localized inflammation
tooth loss and other serious health complications, such as of the gingiva, induced by the microorganisms of the
diabetes, rheumatoid arthritis, and infective endocarditis dental plaque, such as Porphyromonas gingivalis, can
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progress to the resorption of periodontal tissues and
further loss of tissue structure and function [4, 5]. The
bacteria infection initiated periodontal diseases were
reported to correlate with the interaction of pathogens,
host inflammation, and immune responses [6, 7].
T-helper 17 (Th17) cells have been identified as a unique
CD4* T-helper subset, characterized by IL-17 production
that promotes tissue inflammation [8, 9]. Regulatory T
(Treg) cells are a specialized lineage of suppressive
CDA4T cells that act as critical negative regulators of
inflammation in various biological contexts [10]. Treg
cells exposed to inflammatory conditions acquire
strongly enhanced suppressive function [10]. The
imbalance of Th17/Treg has been identified in patients
with chronic periodontitis, which was demonstrated by
upregulation of Thl7 and downregulation of Treg cells
through immune-mediated tissue destruction [11].
It was reported that Th17 cells play a destructive role
in the immune balance of periodontitis, whereas
Porphyromonas gingivalis infection could be associated
with Tregs dysregulation in atherosclerosis [12, 13].
Therefore, it is paramount to understand the molecular
mechanisms underlying the pathogenesis of Th17/Treg
imbalance in the development and treatment of
periodontitis.

Mesenchymal stem cells (MSCs) are multipotent stem
cells characterized by self-renewal, production of clonal
cell populations, and multilineage differentiation [14].
They exist in nearly all tissues and play a significant
role in tissue repair and regeneration. In addition,
through interaction with various immune cells, MSCs
possess extensive immunosuppressive properties, and
their immunosuppressive properties from different
tissues are being explored for promising therapeutic
application in immune disorders [15, 16]. For example,
the mandibular gingiva-derived mesenchymal stem cells
(GMSCs), isolated from easily accessible tissues of
oral mucosa, possess self-renewal, multilineage
differentiation, and immunomodulatory properties [17,
18]. Systemic administration of GMSCs has been
proven to promote skin wound healing and mitigate
chemotherapy-induced oral mucositis, as well as
attenuating experimental colitis in the mouse model
[18]. GMSCs also promoted Treg cell polarization and
inhibited Th17 cell polarization [19, 20]. Possessing the
excellent self-renewal ability and multi-lineage
differentiation potential, mandibular bone marrow-
derived mesenchymal stem cells (BM-MSCs) are
another source of MSCs that have a high osteogenic
ability [21, 22]. They are considered one of the most
suitable multipotent stem cells for bone regeneration;
therefore, they are widely used for comparisons of
efficiency with other cell sources [21, 22]. Periodontal
wound healing by transplantation of mandibular
BM-MSCs was reported to be applicable in conjugation

with the chitosan/anorganic bovine bone (C/ABB)
scaffold to support the healing/repair of one-wall
critical size periodontal defects in beagles [23].
However, the potential contributions of mandibular
BM-MSCs in periodontal repair in terms of immuno-
modulation have not been intensively investigated.

Noncoding RNAs (ncRNAs) are a class of RNAs that
do not code for proteins, but they were identified to
play important roles in the differentiation and function
of MSCs [24]. Two of the most important ncCRNAs
currently identified in odontogenic differentiation are
microRNAs (miRNAs) and long noncoding RNAs
(IncRNAs). miRNAs mainly regulate gene expression
through interacting with the 3’untranslated region
(UTR) of certain transcript. Whereas, INCRNAS inhibit
the negative effect of miRNAs, thereby inhibiting their
negative effect on gene expression [25]. The
fundamental impacts of miRNAs and IncRNASs in
differentiation of stem cells both in normal and
diseased conditions have been revealed [25], while the
direct roles of mIRNAs/INcCRNAs in immuno-
modulation in the pathological mechanisms of
autoimmune-related diseases were also shown [26].
For example, silencing of the LhcRNA NEAT1 was
reported to improve the Treg/Thl7 imbalance in
preeclampsia via the miR-485-5p/AIM2 axis [27]. With
the help of high-throughput sequencing and micro-
arrays, increasing evidence has confirmed the roles of
IncRNAs as master regulators of various biological
processes [28], including the development of
periodontitis [29-31]. Nevertheless, critical INCRNAs
in mandibular BM-MSCs largely remain to be
identified, and their associations to immunomodulation
require more intensive studies.

The current study was conducted to explore the possible
roles of SPIREL, a novel IncCRNA, in regulating the
immunomodulation ability of mandibular BM-MSCs on
the balance of Th17/Treg in vitro and in vivo. Our
further investigation showed that LncRNA SPIREL is a
competitive endogenous RNA (ceRNA) that sponges
miR-181-5p, which targeted prolactin receptor (PRLR)
to regulate the immunosuppressive functions of BM-
MSCs through the Janus kinase (JAK)/signal transducer
and activator of transcription 3 (STAT3) pathway.
These underlying molecular mechanisms can aid the
development of BM-MSCs-based therapeutics for
periodontitis therapies.

MATERIALS AND METHODS
Animals

Female C57BL/6J mice (6-8 weeks old, n = 200) were
purchased from Beijing Vital River Laboratory Animal
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Technology Co. Ltd. (Beijing, China) and kept in
specific-pathogen-free  (SPF) conditions in the
Laboratory Animal Center of Chongging Medical
University. Mice were housed in the room with a 12-
hour alternating light-dark cycle and were fed sufficient
diet and water ad libitum throughout the experimental
period. All experimental protocols were performed in
accordance with the Guidelines for Care and Use of
Laboratory Animals of Chongging Medical University
and approved by the Animal Ethics Committee of the
Chongging Medical University (approved protocol
number 2020-067). Humane endpoints were used
during the animal experiment assays; if any mice had
lost 20% of their body weight before the end of
experiment, they were thus immediately euthanized.
Mice were sacrificed after injection of sodium
pentobarbital (100 mg/kg body weight).

MSC isolation and culture

Isolation of MSCs from mouse jaw (mandibular) was
performed as previously described [32]. Briefly, mice
were euthanized with sodium pentobarbital and the
mandibular bones were separated. The nucleated cells
from mandibular bones were obtained by digestion with
3 mg/mL collagenase type | (Sigma-Aldrich; St. Louis,
MO, USA) and 4 mg/mL dispase Il (Sigma-Aldrich) for
60 min at 37°C. After passing the 70 um cell strainers
(BD Bioscience, San Jose, CA, USA), single-cell
suspensions were cultured in 35 mm culture dishes
filled with Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA,
USA), which was supplemented with 10% fetal bovine
serum (FBS; Sigma), 1% penicillin and streptomycin
(Accuref Scientific, Xi’an, China), and 1x GlutaMax®
(Thermo Fisher Scientific). Dishes were placed in 37°C
incubators with 5% CO,, and the culture medium was
replaced every 3 days. The initial adherent single
colonies were considered as passage 0 (P0) MSCs, and
were collected to be passed to other passages for
subsequent experiments.

Manipulation of gene expression in MSCs

Mandibular BM-MSCs were transfected with the short
hairpin RNA (shRNA), miRNA mimics or inhibitors,
and mammalian gene over-expressing plasmids as
indicated, using the Lipofectamine 3000 Transfection
Reagent (Thermo Fisher Scientific) following the
manufacturer’s  instructions. The DNA coding
sequence for LncRNA SPIRE1 was cloned into the
pcDNA™3.1 (+) Mammalian Expression Vector
(Thermo Fisher Scientific). For shRNAs design,
sequences of SPIRE1 and PRLP were obtained from
the National Center for Biotechnology Information
(NCBI) and shRNA sequences were designed using

the online tool provided by the Life Technologies
(https://rnaidesigner.thermofisher.com/rnaiexpress/sort.
do). The shRNA sequences for PRLR (GCCACCTAC
CATAACTGATGT) and SPIRE1 (GGTGTTTGACA
GCATGTTA) were cloned into lentiviral vector. The
empty vector and the vector expressing shRNA-NC
were used as negative controls. The miR-181a-5p
mimic (AACAUUCAACGCUGUCGGUGAGU) and
inhibitor (ACUCACCGACAGCGUUGAAUGUU), as
well as the corresponding negative controls (NC-mimic,
#miR1NO000001-1-10; NC-inhibitor, miR2N0000001-
1-10) were chemically synthesized by Guangzhou
RiboBio., Ltd (Guangzhou, China). For lentivirus
infection of BM-MSCs, cells at the logarithmic growth
phase were infected by lentivirus with a Multiplicity of
Infection (MOI) of 10. The lentiviral vector pcDNA3.0
(Invitrogen; Carlsbad, CA, USA) was used for
lentivirus generation in Lenti-X™ 293T cells (Takara
Bio Inc., Kusatsu, Gunma Prefecture, Japan). The
vector constructions, verification by sequencing, virus
packaging and collection of the corresponding viral
supernatants were performed by Hanyin Biotechnology
Limited Company (Shanghai, China). At 48 hours after
transfection or infection, BM-MSCs with confirmed
gene manipulation were used for further experiments.

T cells isolation and co-culture with MSCs

Mouse splenic CD4* T lymphocytes were isolated using
a mouse CD4* T Cell Isolation Kit (Miltenyi Biotec;
Auburn, CA, USA) with magnetic beads following the
manufacturer’s instructions. Mandibular BM-MSCs at
passage 2-4 from control mice or periodontitis mice
after the indicated manipulation of gene expression
were seeded on 24-well plates at a concentration of
1 x 10° cells/well and incubated overnight before they
were co-cultured with activated mouse CD4* T cells.
Mouse T lymphocytes were pre-activated in RPMI 1640
medium supplemented with 10% heat-inactivated FBS,
50 uM 2-mercaptoethanol, 10 mM HEPES, 2 mM
L-glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin (all reagents were from Thermo Fisher
Scientific) by plate-bound anti-CD3 antibody (1:1000
dilution; #ab16669; Abcam, USA) and soluble anti-
CD28 antibody (1:5000 dilution; #ab283860, Abcam,
USA) for 2-3 days in 24-well plates. Recombinant
human TGF-B1 (2 ng/mL; R&D Systems, Minneapolis,
MN, USA) and IL-2 (2 ng/mL; R&D Systems) were
added into the culture medium to induce Treg
differentiation; while recombinant human TGF-f1
(2 ng/mL; R&D Systems) and IL-6 (50 ng/mL; R&D
Systems) were added to induce Thl7 differentiation.
The activated mouse CD4* T cells were loaded on the
adherent BM-MSCs and co-cultured for further 2-3
days. The supernatant and T cells on top layers were
collected for further analyses.
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Enzyme-linked immunosorbent assay (ELISA)

Mouse blood samples were collected from orbital
sinus into 1.5 mL centrifuge tubes after anesthesia of
mice with 2% isoflurane (0.41 mL/min at 4 L/min
fresh gas flow). Successful induction of anesthesia
was confirmed when mice were fully slack and had no
response to pain stimuli, but presented normal breath
and beats. After blood samples collection (>0.5 ml),
mice were sacrificed for tissue samples collection.
Plasma samples were separated by centrifugation at
12000 g for 10 min at 4°C and frozen at —80°C until
use. The levels of IL-17 (#P1545) and IL-10 (P1522)
in plasma and supernatant samples were measured by
ELISA using kits from Beyotime, Shanghai, China. All
assays were performed following the manufacturer’s
instructions.

Quantitative PCR

Total RNA was extracted from blood samples and T
cells using Trizol reagent (Accuref Scientific, Xi’an,
China) following the manufacturer’s instructions. The
synthesis of cDNA was conducted by the
PrimeScript® RT Master Mix Perfect Real Time
Reagent Kit (Accuref Scientific, Xi’an, China).
Quantitative reverse transcription PCR (gqRT-PCR)
was performed using a standard protocol from the
SYBR Green PCR kit (Accuref Scientific, Xi’an,
China) on an AB7500 RT-PCR instrument (Applied
Biosystems, Foster City, CA, USA). The sequences of
PCR primers for the indicated genes are listed in
Supplementary Table 1. The gPCR experiments were
conducted with each sample run in triplicates. PCR
product specificity was confirmed by melting curve
analysis. Gene expression levels were calculated with
the 2722CT method. MiRNA expression was quantified
using the TagMan MicroRNA Expression Assay
(Applied Biosystems, Foster City, CA, USA) per the
manufacturer’s instructions. The expression level of
miR-181a-5p was normalized to that of the U6 and
mRNA was normalized to the GAPDH.

Luciferase reporter assay

DNA sequences coding the indicated wild type or
mutated LncRNA SPIRE1 were cloned into a
luciferase-expressing vector pGL3.Basic (Promega,
Madison, WI, USA). The miR-181a-5p targeted
candidate genes and the binding sites of PRLR were
predicted using the online tools STarMirDB and
miRWalk (http://mirwalk.umm.uni-heidelberg.de/). The
predicted binding sites within the 3'UTR of PRLR
mRNA and the corresponding mutated binding region
were cloned into the vector pGL3.Basic. These vectors
together with the miR-181a-5p mimic or NC mimic

were co-transfected into BM-MSCs. At 48 hours after
transfection, cells were harvested and subjected to
luciferase activity analysis using a Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA)
following the manufacturer’s instructions. The relative
luciferase activity was normalized to the luciferase
activity of cells transfected with wild type PRLR 3'UTR
and NC-mimic.

Western blot assay

Total proteins were extracted after cell lysis with the
radioimmunoprecipitation assay lysis buffer (RIPA;
Accuref Scientific, Xi’an, China). A total of 20 pg
samples were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to polyvinylidene difluoride (PVDF)
membranes. After blocking with tris-buffered saline
(TBS) supplemented with 5% nonfat dry milk for
1 hour, the membrane was incubated with the indicated
primary antibodies (anti-PRLR, 1:1000 dilution,
#ab170935; anti-JAK2, 1:5000 dilution, #ab108596;
anti-pSTAT3, 1:1000 dilution, #AB267373; anti-p-
actin, 1 pug/ml, #ab8226; all purchased from Abcam) at
4°C overnight. After binding with the secondary
horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG (1:10,000; #ab6721, Abcam) or anti-mouse lgG
(1:10,000; #ab6728, Abcam) for 1 hour at room
temperature, the membranes were processed with the
enhanced chemiluminescence kit (Accuref Scientific,
Xi’an, China). The expressions of targeted proteins
were quantified by densitometry using the Imagel
software (National Institutes of Health, Bethesda, MD,
USA).

Flow cytometry

The ratios of CD4*CD25*FoxP3* Treg cells or
CD4*IL-17* Th17 cells among total CD4* T cells were
determined by flow cytometry following the
manufacturer’s protocol. For staining of Treg cells, the
collected mouse T cells were stained with FITC-
conjugated anti-mouse CD4 antibody (Ab). After
surface staining, T cells were fixed and permeabilized
using buffer from BD Biosciences, and further stained
with PE-conjugated anti-mouse FoxP3 Ab. For
staining of Th17 cells, T cells were stimulated with 5
ng/mL Phorbol 12-myristate 13-acetate (PMA) and
500 ng/mL ionomycin for 4 hours in the presence of a
protein-transport  inhibitor ~ (Golgi  Stop; BD
Bioscience). Cells were then incubated with FITC-
conjugated anti-mouse CD4 Ab. After fixation and
permeabilization, cells were stained with PE-
conjugated anti-mouse 1L-17 Ab. All Abs and other
reagents used for flow cytometry were purchased from
BioLegend (San Diego, CA, USA).
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Animal models

Periodontitis in mice was induced by inoculation of the
well-recognized periodontal pathogen Porphyromonas
gingivalis, as previously described [33]. The mice were
injected with P. gingivalis bacterial lipopolysaccharides
(LPS; InvivoGen, San Diego, CA, US) into the palatal
gingival sulcus of maxillary first molars twice a week
for 4 weeks at a dose of 0.5 mg/kg body weight. After
the onset of the disease (5-7 weeks after first LPS
injection), mandibular BM-MSCs with the indicated
manipulation of gene expressions, including trans-
fection of NC inhibitor or miR-181a-5p inhibitor and
infection of empty lentivirus vector or PRLR-expressing
lentivirus, as well as the mandibular BM-MSCs treated
with the STATS3 inhibitor C188-9 (Selleck Chemicals;
20 pM for 48 hours) or vehicle (DMSO), were infused
(1 x 106 cells) into periodontitis mice (n = 5 for each
group) intravenously once per week for 3 weeks. At 2
weeks after the completion of treatments, mice were
euthanized using CO; exposure at a rate of 30% of the
chamber volume per minute and verified by the
heartbeat or breathing arrest followed by 15 min CO;
exposure. After mice were sacrificed, the periodontal
tissue and mandibular bones were collected for further
analyses. The acute colitis mouse model was induced by
administering 3% (w/v) dextran sulfate sodium through
drinking water, and the modeling process and
evaluation of disease activity index followed previous
reports [20, 34].

Histopathological evaluation

Mandibular samples containing the first molars were
dissected, fixed in 4% paraformaldehyde, and
decalcified in 10% formic acid at room temperature.
Some 4 pum serial sections were stained with
hematoxylin and eosin (HE) and Masson’s trichrome
(Accuref Scientific, Xi’an, China) following the
standard protocols. To identify osteoclasts, tartrate-
resistant acid phosphatase (TRAP) activity was detected
using the TRAP/ALP Kit (Accuref Scientific, Xi’an,
China) according to the manufacturer’s instructions.

For multi-differential potential identification of BM-
MSCs, cells were cultured in osteogenic (0.01 pM
hexadecadrol, 5 mM sodium B-glycerophosphate,
50 mg/L vitamin C) or adipogenic (0.5 puM hexa-
decadrol, 60 puM indomethacin, 0.5 mM isobutyl
methylxanthine, 10 mg/L bovine insulin) medium for 28
days with a medium exchange frequency of once every
3 days. After washing with PBS three times and fixation
with 4% paraformaldehyde, osteogenic cultures were
stained with Alizarin Red (Accuref Scientific, Xi’an,
China), while adipogenic cultures were stained with Qil
Red O (Accuref Scientific, Xi’an, China). Histological

observations were conducted
captured under an optical
Instruments, Tokyo, Japan).

from photographs
microscope  (Nikon

In vivo imaging analysis

Mouse maxilla was scanned using micro-computed
tomography (micro-CT; SkyScan1174v2; Bruker-uCT,
Billerica, MA, USA) with an accuracy of 18 pm before
and after the treatments. For visualization, samples were
digitally reconstructed. The periodontal bone loss rate,
bone volume/total volume (BV/TV), bone surface/
volume ratio (BS/BV), and bone mineral density
(BMD), bone growth rate were analyzed by the CT
Analyser software (Version: 1.17.7.2, Bruker Micro-
CT).

Statistical analysis

All quantitative results are expressed as mean =
standard deviation (SD) with 3-10 replicates per group
as indicated in the figure legend. Groups were
compared using unpaired, One-way ANOVA followed
by Tukey’s multiple comparison. Mann-Whitney test
was used to determine statistically significant changes
in variables that were not normally distributed.
Statistical analyses were performed using SPSS version
19.0 statistical software (IBM Corporation; Armonk,
NY, USA). In all cases, P<0.05 was considered
statistically significant.

Availability of data and materials

The datasets used and/or analyzed during the present
study are available from the corresponding author upon
reasonable request.

RESULTS

Periodontitis in mice was associated with
downregulated expression of LncRNA SPIRE1

We first examined the immune status associated with
periodontitis by comparing the levels of IL-17 and
IL-10 from serum samples of healthy normal mice and
periodontitis mice. As shown in Figure 1A and 1B, the
serum level of IL-17 from the periodontitis group was
significantly up-regulated, in comparison to the control
healthy group; while that of IL-10 was considerably
lower. Consistent with these observation on the
imbalanced Th17/Treg immune status of whole body,
the peripheral blood demonstrated a significantly more
expression of RORC mRNA (Figure 1C) and markedly
down-regulated expression of FoxP3 mRNA (Figure
1D) in periodontitis mice. To explore the potential roles
of mesenchymal stem cells on the possible local
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Th17/Treg imbalance, we isolated mandibular BM-
MSCs from these mice and confirmed their multi-
potential differentiation capacities (Supplementary
Figure 1). Notably, the mandibular BM-MSCs from the
periodontitis group showed significantly reduced
expression of LncRNA SPIRE1, compared with that
from the healthy group; whereas peripheral blood
samples had largely comparable levels of LncRNA
SPIRE1 expression between two groups (Figure 1E),
indicating that the local Th17/Treg imbalance might be
more severe than that of the whole body.

Downregulated expression of LncRNA SPIREL in
mandibular BM-MSCs caused Th17/Treg imbalance

To evaluate the impact of periodontitis on the
immunomodulation ability of BM-MSCs, we co-
cultured the mandibular BM-MSCs obtained from the
healthy normal mice or periodontitis mice with mouse
activated splenic CD4* T cells, and measured their
differentiation toward Th17 cells or Treg cells under the
respective polarization condition. Compared with the
control T cells without co-culturing with BM-MSCs, the
T cells co-cultured with normal BM-MSCs markedly
reduced the percentage of CD4*IL-17* Th17 population
(Figure 2A), which was accompanied with reduced
expression of Th17-specific transcription factor RORC

(Figure 2B) and reduced production of soluble IL-17
(Figure 2C). On the contrary, the T cells co-cultured
with  periodontitis BM-MSCs had significantly
increased ratio of Thl7 population (Figure 2A),
profoundly upregulated expression of RORC mRNA
(Figure 2B) and secretion of I1L-17 (Figure 2C). Under
the Treg polarization condition, the periodontitis BM-
MSCs behaved dramatically different from the normal
BM-MSCs, as the observations on higher percentage of
CD4*CD25*FoxP3* Treg population (Figure 2D), as
well as the higher expression of FoxP3 mRNA and
IL-10 production in culture medium (Figure 2E), in
comparison to the group with the T cells co-cultured
with normal BM-MSCs. The FoxP3 mRNA and soluble
IL-10 levels from the group with the T cells co-cultured
with  periodontitis BM-MSCs were drastically
diminished to the extents even lower than the control
T cells without BM-MSC co-culturing.

To further evaluate the contribution of LncRNA
SPIRE1 knockdown on the immunomodulation ability
of BM-MSCs, we tested the immunomodulation ability
of normal mandibular BM-MSCs after shRNA-
mediated LncRNA SPIRE1 knockdown (Figure 2F). As
expected, silence of LncRNA SPIRE1l in BM-MSCs
rendered a higher percentage of Th17 cells (Figure 2G
and Figure 2H), a higher level of RORC mRNA, more

IL-10
A IL17 B s Cc
157 1 T, RORC

- @ -
o 15 T 1 5 c L] E P
£5 . g2 121 —4 - y .
8% —— s —— ? 3 =
Eg 104 —ajs : E = 9 ole ] i
s 5= * _nlm Qo E e £
2 8F Lc3 g -
[-R-E= = sg® @ 2 ul®
a8 @ Teo— O < ol
To . a2 - hd "
=5 54 £ %5 ] o
QS a . 34 £ []
£% 5e 1 et
—0 Q = Q
5 e o E .
3 0 T T B

0 T T Health Periodontitis s T T

Health Periodontitis Health Periodontitis

FOXP3
2.0+

S

T
Periodontitis

1.51

1.0

0.5

Relative mRNA expression level

0.0 T
Health

E

1 mm Normal mm Periodontitis
5=

E 1
<2

c
% S 1.0
g3
£9
¢a
5
ST 0.54
“e

o

]

0.0~

BM-MSCs

PBMCs
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downregulated IncRNA SPIRE1 expression in mandibular bone marrow-derived mesenchymal stem cells (BM-MSCs). (A, B)
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Figure 2. LncRNA SPIRE1 knockdown impaired the immunomodulatory properties of normal mandibular BM-MSCs by
causing Th17/Treg imbalance. (A—F) Pre-activated CD4* T cells were cultured alone, or co-cultured with mandibular BM-MSCs from
control mice or periodontitis mice under the specific Th17 (A-C) or Treg (D-E) polarization condition. Representative flow cytometry
profiles of T cells for Th17 (A) or Treg (D) populations identified as CD4*IL-17* cells or CD4*FoxP3* cells, respectively, are shown, and their
percentages among total CD4* cells were summarized. The mRNA levels of RORC (B) or FoxP3 (E) in total T cells and the soluble levels of
IL-17 (C) or IL-10 (E) in co-cultured supernatants were quantitated by qPCR or ELISA, respectively. (F) The silence-efficacy of SPIRE1 in
normal mandibular BM-MSCs was confirmed by gPCR analysis of cells transfected with negative control (NC)-shRNA or LncRNA SPIRE1-
specific ShRNA. (G—M) NC-shRNA or SPIRE1-shRNA transfected normal mandibular BM-MSCs were co-cultured with the pre-activated CD4*
T cells under the Th17 (G-1) or Treg (J-M) polarization condition. Representative flow cytometry profiles of Th17 (H) and Treg (K)
populations, and their percentages are shown. The mRNA levels of RORC (I) or FoxP3 (L), and the levels of IL-17 (I) or IL-10 (M) in
supernatants were quantitated by qPCR and ELISA, respectively. n = 3 for each group; “P < 0.01; ***P < 0.001, between the indicated groups.
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production of IL-17 (Figure 2I) in CD4* T cells under
the Th17 polarization condition, and a lower percentage
of Tregs (Figure 2J and Figure 2K), reduced expression
of FoxP3 mRNA (Figure 2L) and secretion of IL-10
(Figure 2M) in CD4* T cells under the Treg polarization
condition. Taken together, these results suggested that
LncRNA SPIRE1 knockdown in mandibular BM-MSCs
from normal controls enhanced Th17 cell function and
suppressed Treg cell function during MSCs-T cells
coculturing.

LncRNA SPIRE1 controlled the expression level of
miR-181a-5p, whose suppression rescued the ability
of LncRNA SPIREI-knockdown BM-MSCs in
immune modulation

Our in silico analysis with the DIANA (http://diana
.imis.athena-innovation.gr/DianaTools/index.php) and
HMDD (http://www.cuilab.cn/hmdd) tools suggested
that miR-181a-5p is a potential mMiRNA with multiple
bases paired to LncRNA SPIRE1 (Figure 3A). To
confirm the targeting relationship between these two
molecules, we performed luciferase reporter assays in

normal mandibular BM-MSCs after transfection of
wild type or mutated LncRNA SPIREL together with
miRNA mimics or inhibitors. As shown in Figure 3B,
compared with the control cells with transfection
of plasmids only, the cells transfected with wild
type LncRNA SPIREL1 and miR-181a-5p mimics
demonstrated significantly reduced luciferase activity,
while the cells with simultaneous transfection of miR-
181a-5p inhibitors had notable increase of luciferase
activity. However, these phenomena were abolished in
the cells with co-transfection of mutated LncRNA
SPIREL1 (Figure 3B), which validated the specificity of
sponging miR-181a-5p by LncRNA SPIRE1L.
Moreover, targeted knockdown (Figure 3C) or
overexpression (Figure 3D) of LncRNA SPIRE1L
resulted in significantly up-regulated or down-regulated
miR-181a-5p expression in normal mandibular BM-
MSCs, respectively. In addition, mandibular BM-
MSCs from the periodontitis mice displayed obviously
increased expression of miR-181a-5p than that from
the normal mice (Figure 3E), further consolidating the
targeting relationship between LncRNA SPIRE1 and
miR-181a-5p.
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Figure 3. LncRNA SPIRE1 is a ceRNA that sponges miR-181a-5p in mouse mandibular BM-MSCs. (A) Schematic diagram shows
the matching base pairs between miR-181a-5p and the wild type (WT) or mutated (MUT) LncRNA SPIRE1. (B) The luciferase activity of the
reporter vectors was detected in mandibular BM-MSCs at 48 hours after co-transfection of the plasmid expressing wild type or mutant
LncRNA SPIRE1 together with the negative control (NC) mimic or inhibitor, or miR-181a-5p-specific mimic or inhibitor. (C, D) The relative
expression level of miR-181a-5p in mandibular BM-MSCs was determined at 48 hours after the transient transfection of control scramble
shRNA or LncRNA SPIRE1-specific shRNA (C), or empty vector or LncRNA SPIRE1-expressing plasmid (D) by RT-gPCR. (E) Mandibular-BM-
MSCs (but not blood cells) from periodontitis mice displayed a higher expression level of miR-181a-5p than that from normal controls. The
level of miR-181a-5p in BM-MSCs and blood cells of the indicated groups was measured by qPCR. n = 3 for each group; P <0.01;
**P < 0.001, between the indicated groups.

7131 AGING

wWww.aging-us.com


http://diana.imis.athena-innovation.gr/DianaTools/index.php
http://diana.imis.athena-innovation.gr/DianaTools/index.php
http://www.cuilab.cn/hmdd

Functional assays in terms of the immune modulation
ability of BM-MSCs were also conducted to validate the
relationship between LncRNA SPIRE1 and miR-181a-
5p. The LncRNA SPIRE1-silenced BM-MSCs were
additionally transfected with NC-inhibitor or miR-181a-
5p inhibitor, and co-cultured with activated CD4*
T cells to evaluate their immune suppressive functions.
LncRNA  SPIRE1  knockdown alone  caused
significantly increased percentage of Thl7 cells (Figure
4A), upregulated expression of RORC mRNA and
release of IL-17 (Figure 4B), while all these trends were
greatly diminished upon additional miR-181a-5p
inhibition. Similarly, the attenuated immunosuppression
ability with a decreased frequency of Treg cells (Figure
4C and 4D), down-regulated FoxP3 expression (Figure
4E), and reduced production of IL-10 (Figure 4F) in
BM-MSCs upon LncRNA SPIRE1 knockdown was
evidently reversed after further miR-181a-5p inhibition.
Therefore, these results together consolidated the notion
that miR-181a-5p is a downstream molecule of
LncRNA SPIREL in controlling the immunomodulation
function of BM-MSCs.

miR-181a-5p targeted PRLR in mandibular BM-
MSCs, and PRLR showed down-regulated
expression in mandibular BM-MSCs of mice with
periodontitis

To further investigate the molecular mechanisms
underlying the immune modulation function of miR-
181a-5p, we used open accessible online algorithms to
predict the target genes of miR-181a-5p. Subsequent
validation with gPCR assays showed that among 5
candidate targets, PRLR is the only one whose mRNA
level was significantly downregulated upon transient
transfection of miR-181a-5p mimics in normal
mandibular BM-MSCs (Figure 5A). The sequence at the
3'UTR of PRLR was highly complementary with the
seed sequence of miR-181a-5p (Figure 5B). The dual
luciferase assays demonstrated that the luciferase
activity was prominently deceased after co-transfection
of wild type PRLR 3'UTR and miR-181a-5p mimics,
but remained largely unchanged after co-transfection of
mutated PRLR 3'UTR and miR-181a-5p mimics in
mandibular BM-MSCs, in comparison to the groups
with transfections of NC-mimic or PRLR mutated
3'UTR (Figure 5B). These results confirmed the direct
binding of miR-181a-5p to the predicted 3'UTR of
PRLR mRNA. In addition, compared with the control
transfected BM-MSCs, the BM-MSCs with transfection
of miR-181a-5p inhibitor (Figure 5C) or miR-181a-5p
mimic (Figure 5D) demonstrated markedly upregulated
or downregulated expression of PRLR protein,
respectively. Furthermore, mandibular BM-MSCs from
mice with periodontitis showed significantly down-
regulated expressions of PRLR mRNA and protein, as

evidenced by gPCR (Figure 5E) and western blot
(Figure 5F) assays, respectively. Collectively, these data
indicate that RPLE is a direct downstream target of
miR-181a-5p in mouse mandibular BM-MSCs, and the
expression of RPLE is downregulated upon
periodontitis induction.

The LncRNA SPIRE1/miR-181a-5p/PRLR axis
regulated the JAK/STATS signaling in mandibular
BM-MSCs to modulate the Th17/Treg balance

Since the JAK/STAT3 signaling was reported to
regulate the inflammatory cascade and influence the
adaptive immunity by modulating Th17/Treg cell
differentiation [33], we investigated whether the
LncRNA SPIRE1/miR-181a-5p/PRLR axis were
associated with this signaling. First, we validated the
efficacy of shRNA-mediated knockdown of PRLR in
normal mandibular BM-MSCs (Figure 6A), and
examined the impact of LncRNA SPIREL knockdown
or PRLR knockdown, as well as the transient
transfection of miR-181a-5p mimic, on regulation of the
JAK/STATS3 signaling pathway. As shown in Figure
6B, periodontitis-associated changes in gene expres-
sions, including downregulated expressions of LncRNA

SPIRE1 or PRLR, and increased miR-181a-5p
expression, resulted in significantly activated
JAK/STAT3 signaling in normal BM-MSCs, in

comparison to the transfected control cells. In addition,
mandibular BM-MSCs from periodontitis mice also
showed markedly more activated JAK/STAT3
signaling, as evidenced by higher levels of JAK2 and
phosphorylated STAT3 proteins (Figure 6C). However,
the treatment with C188-9, a synthetic small molecule
that specifically inhibits the STAT3 pathway [35],
showed obvious suppression of this pathway in BM-
MSCs from periodontitis mice (Figure 6C). To validate
the contribution of the activated JAK/STAT3 signaling
on the impaired immune modulation ability of BM-
MSCs from periodontitis mice, we additionally treated
these BM-MSCs with C188-9 before and during their
co-culturing with the CD4* T cells. Inactivation of the
STAT3 signaling remarkably restored the ability of
periodontitis mandibular-derived BM-MSCs in immune
suppression, as evidenced by significant reductions in
the ratio of Th1l7 population (Figure 6D and 6E),
decreased expression of RORC mRNA (Figure 6F),
reduced production of IL-17 (Figure 6G), as well as
increased ratio of Treg cells (Figure 6H and Figure 61),
increased FoxP3 mMRNA expression and increase
secretion of IL-10 (Figure 6J), when compared to the
group with vehicle treatment.

In addition, PRLR was also overexpressed to further
confirm its role in the periodontitis development (Figure
7A). PRLR overexpression significantly decreased the
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JAK/STAT3 signaling, while C188-9 treatment inflammatory injury and serum IL-17 levels after

obviously enhanced these changes (Figure 7B). BM-MSCs infusion under inflammatory environment in
Overexpression of PRLR significantly decreased the an acute colitis mouse model, and C188-9 treatment of
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Figure 4. miR-181a-5p inhibition reversed the influence of LncRNA SPIRE1 knockdown in mouse mandibular BM-MSCs on
modulating Th17/Treg balance. (A-F) Normal mandibular BM-MSCs were transfected with plasmids expressing negative control shRNA
or LncRNA SPIRE1-specific shRNA. At 48 hours after transfection, the LncRNA SPIRE1 knockdown BM-MSCs were further transfected with
NC-inhibitor or miR-181a-5p-specific inhibitor. Pre-activated CD4* T cells were co-cultured with the indicated BM-MSCs under the Th17
(A—C) or Treg (D-F) polarization condition. Representative flow cytometry profiles of Th17 (A) and Treg (D) populations, and their
percentages are shown. The mRNA levels of RORC (B) or FoxP3 (E), and the levels of IL-17 (C) or IL-10 (F) in supernatants were quantitated
by gPCR and ELISA, respectively. n = 3 for each group; "P < 0.05, *"P < 0.01; *"*P < 0.001, between the indicated groups.
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Figure 5. PRLR is a downstream target of miR-181a-5p in mouse mandibular BM-MSCs. (A) Normal mandibular BM-MSCs were
transfected with NC-mimic or miR-181a-5p. At 48 hours after transfection, the mRNA levels of potential miR-181a-5p targeted candidate
genes were quantitated by gqPCR. (B) Schematic diagram shows the matching base pairs between miR-181a-5p and the wild type (WT) or
mutated (MUT) 3’UTR of PRLR mRNA. The luciferase activity of the reporter vectors was detected in mandibular BM-MSCs at 48 hours after
co-transfection of the plasmid expressing wild type or mutant 3'UTR of PRLR mRNA together with the NC mimic or the miR-181a-5p mimic.
(C, D) Functional inhibition (C) or overexpression (D) of miR-181a-5p enhanced or reduced PRLR protein expression in mandibular BM-MSCs,
respectively. The representative western blot images are shown, and the relative band intensity of PRLR by densitometry was summarized.
(E, F) Mandibular-BM-MSCs (but not blood cells) from mice with periodontitis displayed a lower expression level of PRLR mRNA (E) or
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n =3 for each group; "P < 0.05, **P < 0.001, between the indicated groups.
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Figure 6. The LncRNA SPIRE1/miR-181a-5p/PRLR axis regulated the JAK/STAT3 signaling in mouse mandibular BM-MSCs to
modulate the Th17/Treg balance. (A) The knockdown efficiency of PRLR-specific ShRNA in mandibular BM-MSCs was confirmed by
gPCR analysis of BM-MSCs transfected with plasmid expressing the indicated shRNA. (B) Knockdown of LncRNA SPIRE1 or PRLR, or
transfection of miR-181a-5p mimics activated the JAK/STAT3 pathway, as evidenced by increased expression of JAK2 and phosphorylated
STAT3 (pSTAT3). The protein levels of JAK2 and pSTAT3 in mandibular BM-MSCs after the indicated transfections were quantitated by
western blot assays. (C) Mandibular BM-MSCs from periodontitis mice had more activated JAK/STAT3 signaling than that from normal
controls, which was inhibited by the STAT3 inhibitor C188-9. The protein levels of JAK2 and pSTAT3 were quantitated as in (B). (D-J)
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17+ Th17 cells (D, E), RORC mRNA levels (F), soluble IL-17 level in culture medium (G), as well as the percentages of CD4*FoxP3* Tregs (H, I),
FoxP3 mRNA levels and soluble IL-10 levels in culture medium (J) were measured. n = 3 for each group; "P <0.05, **P <0.01; *"P < 0.001,
between the indicated groups.
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BM-MSCs also resulted in similar changes (Figure 7C
and 7D). Further analyses presented that PRLR
overexpression in BM-MSCs markedly decreased the
percentages of IL-17* cells but decreased the
percentages of FoxP3* cells among mouse blood CD4*
cells, while C188-9 treatment of BM-MSCs led to
similar changes, in comparison to the respective control
treatment (Figure 7E and 7F). Therefore, the LncRNA
SPIRE1/miR-181a-5p/PRLR axis regulated the JAK/
STAT3 signaling in mandibular BM-MSCs to modulate
the Th17/Treg balance.

Targeted regulation of the LncRNA SPIRE1/miR-
181a-5p/PRLR axis in mandibular BM-MSCs
enhanced the immunomodulation and healing in
mice with periodontitis

To further evaluate the in vivo benefits of targeted
regulation of the LncRNA SPIRE1/miR-181a-5p/PRLR
axis in immune modulation, we investigated the
immunosuppressive properties of mandibular BM-
MSCs after gene manipulations in LPS-induced
experimental periodontitis mouse model. These mice
with periodontitis were divided to control groups and
the groups with infusion of mandibular BM-MSCs after
targeted inhibition of miR-181a-5p or overexpression of
PRLR. An overall assessment of the therapeutic
efficacy was based on the image data which reflected
the osteogenesis of periodontal bones (Figure 8A).
Compared with the un-treated group, the groups treated
with control BM-MSCs showed significantly reduced
bone loss rates and considerably increased bone
regeneration. Notably, the groups with infusion of
miR-181a-5p inactivated BM-MSCs or PRLR-
overexpressing BM-MSCs  demonstrated  more
reduction in bone loss and more increase in bone
regeneration (Figure 8B-8E), suggesting the enhanced
immunomodulatory properties of the genetically
modified BM-MSCs.

Further histological examination by H&E staining
(Figure 8F) and TRAP staining (Figure 8G) showed that
the un-treated group displayed severe colonic
transmural inflammation with increased wall thickness,
infiltration of inflammatory cells, degeneration of crypt
architecture, and loss of osteoblast cells. Notably, the
treated groups with BM-MSCs infusion had
significantly reduced number of osteoclasts than the un-
treated group, while the group with infusion of the miR-
181a-5p or PRLR expression-altered BM-MSCs
showed the lowest number of osteoclasts in mouse
periodontal tissues. Consistently, periodontal re-
generation observed by Masson’s trichrome staining
also showed that these groups had the best osteogenic
differentiation of bone progenitor cells (Figure 8H).
Moreover, the protein quantitation by western blot

analysis showed that the periodontal tissues from the
mice infused with the miR-181a-5p or PRLR
expression-altered BM-MSCs demonstrated significantly
reduced activity of JAK/STAT3 signaling (Figure 8l),
strengthening the notion that inhibition of the
JAK/STATS3 signaling pathway in BM-MSCs enhanced
their immunomodulation ability.

DISCUSSION

The balance between Th17 and Treg cells plays critical
roles in maintaining immune tolerance, and the break of
this balance has been implicated in the pathophysiology
of the development of periodontitis [8, 11, 33]. Due to
the potent immunomodulatory properties which cover
the modulating ability of the Th17/Treg balance, BM-
MSCs hold great promise in clinical applications for
treating immune-dysfunction-related diseases like
periodontitis. However, how to boost the immuno-
suppressive properties of normal BM-MSCs or to
rescue the defective immunomodulation ability of BM-
MSCs under the periodontitis settings remains poorly
understood. In this study, we identified LncRNA
SPIRE1 as an ncRNA that was significantly down-
regulated in mandibular BM-MSCs from periodontitis
mice, and knockdown of LncRNA SPIRE1 from normal
mandibular BM-MSCs recapitulated their counterparts
in periodontitis mice in term of inducing Th17/Treg
imbalance. Our further investigation showed that
LncRNA SPIREL is a ceRNA that sponges miR-181-5p,
which targeted PRLR to regulate the immuno-
suppressive functions of BM-MSCs through the
JAK/STAT3 pathway. In addition, we demonstrated the
feasibility and efficacy of using genetically modified
mandibular BM-MSCs for treating periodontitis in a
mouse model, which provides valuable insight in
employing mandibular BM-MSCs in future clinical
applications.

Although bacterial infection, as well as genetic and
environmental parameters, have been acknowledged to
contribute to the initiation and development of
periodontitis, the critical roles of INCRNAs in the
pathogenesis of periodontitis have been demonstrated
by recent studies [29, 36]. Through modulating
chromatin configuration, epigenetic control of gene
expression, gene transcription and translation, as well as
RNA stability, IncRNAs play significant roles under
both physiologic and pathological conditions [29, 36].
Accumulating investigations reported the aberrant
expression of INCRNAs in tissues samples from patients
with periodontitis. In this study, we found that the
mandibular BM-MSCs derived from the mice with
induced periodontitis showed a higher expression level
of LncRNA SPIRE1l than that from healthy mice.
However, the peripheral blood samples had a
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Figure 7. C188-9 treatment enhanced the effect of PRLR on regulation of Th17/Treg balance. (A) Confirmation of overexpression
of PRLR in BM-MSCs using western blotting. (B) The protein levels of JAK2 and pSTAT3 in mandibular BM-MSCs were quantitated by
western blot assays after overexpression of PRLR or treatment with C188-9. (C—F) Mandibular BM-MSCs from periodontitis mice were
infected with PRLR-expressing lentivirus or empty vector virus, or treated with STAT3 inhibitor C188-9 or vehicle. Acute colitis in mice was
induced by administering 3% (w/v) dextran sulfate sodium (DSS) through drinking water, and mice were fed ad libitum for 10 days. Control
BM-MSCs or PRLR-overexpressing BM-MSCs, or C118-9-pretreated BM-MSCs (0.2 x 106 cells) were infused into colitis mice (n = 5 mice per
group) intravenously at day 3 after feeding DSS water. Serum and blood samples from all mice were harvested at day 10 after the DSS
water was provided. (C) Disease activity index was measured at 7 days after infusion of BM-MSCs with overexpression of PRLR or with
C188-9 treatment. (D) Soluble IL-17 level in mouse serum was measured by ELISA. (E, F) The percentages of CD4*IL-17* (E), and the
percentages of CD4*FoxP3* Tregs (F) among blood CD4*T cells from mice of the indicated groups were measured. n = 5 for each group;
*P<0.05, ""P<0.01; """P < 0.001, between the indicated groups.
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Figure 8. Targeted manipulation of the LncRNA SPIRE1/miR-181a-5p/PRLR pathway in BM-MSCs enhanced their
immunomodulation in mice with periodontitis. (A-1) After disease induction, mice were left un-treated, or infused with control
mandibular BM-MSCs, or the mandibular BM-MSCs transfected with miR-181a-5p inhibitor, or the mandibular BM-MSC infected with
control lentivirus or PRLR-expressing lentivirus as indicated. The up-regulated expression of PRLR after infection of PRLR-expressing
lentivirus was confirmed by western blot assays. (A) Micro-CT images show the osteogenesis around the periodontal tissues. (B-E) The
BV/TV (%) (B), Tb.N1 (C), Tb.Th (D), and Th.Sp (E) in mice of the indicated groups were summarized. (F-H) Histological analyses of the
periodontal tissues by H&E staining (F), TRAP staining (G), and Masson staining (H) were conducted. The representative images of each
group are shown. (1) The protein levels of JAK2 and pSTAT3 in periodontal tissues of the indicated groups were quantitated by western blot
assays. n = 5 mice for each group; "P < 0.05, **P < 0.01; ***P < 0.001, between the indicated groups.
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comparable level of LncRNA SPIREL. Since blood is
comprised of mainly hematopoietic cells with multiple
subpopulations, our results could not tell the possible
altered levels of LncRNA SPIRE1 in specific immune
cell types. A consistent pattern on altered IncRNA
expression between blood samples and dental tissues
had been noticed in some reports. For example, the
expression of LncRNA NKILA was higher in both the
gingival tissue samples and blood samples of patients
compared with controls [37]. These observations
suggest that IncRNAs might possess some tissue-
specific functions, while the role of LncRNA SPIRE1 in
the development of periodontitis might be more
reflected in periodontal MSCs. Indeed, our further
investigation showed that knockdown of LncRNA
SPIRE1 impaired the immunosuppressive ability of
BM-MSCs in vitro. Nevertheless, the functions of
LncRNA SPIREL in other periodontal tissues such as
periodontal ligament cells, gingival tissue, as well as the
association between LncRNA SPIRE1 expression and
the environmental parameters, need to be further studied
to warrant a more comprehensive understanding on the
roles of LncRNA SPIREL in periodontitis.

MicroRNAs have been widely reported to play a critical
role in the differentiation of MSCs, including both
positive and negative regulation [38]. The miR-181
family, a group of highly conserved miRNAs of
growing biomedical relevance, regulates many relevant
biological processes such as cell proliferation,
apoptosis, autophagy, mitochondrial function, and
immune response [39]. miR-181a-5p was reported to
function as an oncogene in cancers like renal cell
carcinoma [40] and to regulate inflammatory response
in sepsis [41] and vascular inflammation [42]. It’s role
in MSC immunomodulation has not been intensively
studied so far. Here, we identified miR-185-5p as a
sponging target of LncRNA SPIREL, and notably, as a
pathogenic factor in periodontitis development, as its
inhibition could significantly restore the impaired
immunomodulation ability of mandibular BM-MSCs. In
murine macrophage cell line RAW264.7, LPS
stimulation upregulated miR-181a-5p expression, and
miR-181a-5p inhibitor significantly suppressed LPS-
enhanced inflammatory cytokines production and
NF-kB pathway activation [41]. In another report, Su
et al. found that miR-185-5p was involved in reducing
endothelium inflammation through blockade of NF-xB
signaling pathway to prevent endothelial cell activation
[42]. The distinct roles of miR-181a-5p in macrophages
and endothelial cells suggest that the function of miR-
181a-5p in regulating inflammation is more like cellular
context-dependent. Recently, it was revealed that
overexpressing miR-181a-5p considerably reduced the
cell growth and increased apoptosis of human BM-
MSCs through regulating the Sirtl/PI3K/AKT signaling

pathway [43]. Therefore, whether the attenuated
Th17/Treg imbalance by miR-181a-5p inhibition in
mandibular BM-MSC was related to enhanced cell
proliferation and reduced apoptosis remains to be
further elucidated.

Multiple targets have been identified to regulate the
inflammatory responses in different tissues and cells,
such as SIRT1 in murine myeloid cells [41] and
HMGBL in rat adrenal gland cells [44]. In this study,
PRLR was confirmed as one downstream target of
miR-181a-5p in mandibular BM-MSCs, and its
overexpression was found to improve the immuno-
modulatory properties of BM-MSCs. PRLR is a type 1
cytokine receptor and may contribute to the patho-
genesis of multiple cancers. For example, PRLR is
highly expressed in a subset of human breast cancer
and prostate cancer, which makes it a potential target
for cancer treatment [45]. Prolactin (PRL)-dependent
signaling occurs as the result of ligand-induced
dimerization of the prolactin receptor, their interaction
can modulate the endocrine and autocrine effects of
prolactin in normal tissue and cancer [46, 47].
However, whether and how PRLR is involved in MSC
immunomodulation is not known. PRL has been
associated with the modulation of a variety of actions
in the immune response and inflammatory processes in
several physiologic and pathologic conditions [48].
For example, in rheumatoid arthritis and psoriatic
arthritis, PRL can be locally produced by macro-
phages, T cells and synovial fibroblasts while PRLR is
expressed in synovial macrophages, lymphocytes, and
fibroblasts [49]. Data showed that PRL enhances the
expression of several genes encoding for pro-
inflammatory cytokines (IL-6, IL-8, IL-12, TNF) and
chemokines (i.e., CXCL3, 5, 6, and 11) in
macrophages [49]. On the contrary, PRLR appeared to
be an anti-inflammatory factor in our experimental
settings, since a lower expression level of PRLR was
observed in mandibular BM-MSCs derived from
periodontitis mice than that from normal mice.
Therefore, these results suggest that the PRLR-PRL
interaction might enhance or inhibit pro-inflammatory
cytokine production in a cell-specific manner.
Furthermore, since PRL is involved in regulation of
adult stem/progenitor cells homeostasis [50] and
osteogenic differentiation of adipose tissue-derived
MSCs [51], the contribution of PRL in the novel axis
of LncRNA SPIRE1/miR-181a-5p/PRLR in immuno-
regulation remains to be explored.

The JAK/STAT signaling pathway has been
implicated in the pathogenesis of inflammatory and
autoimmune diseases including rheumatoid arthritis,
psoriasis, and inflammatory bowel disease [52].
Prolactin-induced production of cytokines was
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reported to involve the activation of JAK/STAT
pathway in murine peritoneal macrophages [53].
However, we found that knockdown of PRLR led to
the activation of the JAK2/STAT3 signaling in BM-
MSCs, suggesting that PRLR might utilize other
mechanisms to regulate the JAK/STAT signaling
rather than that initiated by the RPL/RPLR interaction
in MSCs. It is also possible that the PRLR-PRL
interaction might enhance or inhibit inflammation
through different mechanisms in different cell types.
The crucial role of the STAT3 pathway in
orchestrating Th17/Treg differentiation has been
validated in many studies, and it was reported that
through coordinating the expression of inflammatory
factors, the STAT3 signaling controls the
differentiation of naive CD4 T cell families (Thl, Th2,
Thl7, and Treg) [54]. Consistent with previous
findings, we found that a higher level of STAT3
signaling in BM-MSCs from periodontitis mice can
induce more IL-17 production and higher expression
levels of RORC in CD4 T cells. Targeted blocking of
the STAT signaling by C188-9 was able to abrogate
the Th17/Treg balance under the periodontitis settings.
Therefore, the use of STAT3 inhibitors can interrupt
the pro-inflammatory process and have an antagonistic
effect on periodontitis-associated inflammation, as
previously reported [33]. Recently, it was reported that
STAT3 inhibition by the inhibitor WP1066 resulted
in increased expression levels of miR-181a-5p in
glioblastoma multiforme cell lines [55]. Whether a
similar feedback loop or counter action/balance
between the expression of miR-181a-5p and
JAK/STAT3 signaling exists in mandibular BM-MSCs
is intriguing for further exploration.

In summary, through the in vivo mouse model of
P. gingivalis LPS-induced periodontitis and in vitro
co-culture system of mandibular BM-MSCs and pre-
activated splenic CD4 T cells, we revealed a novel axis
of LncRNA SPIRE1/miR-181a-5p/PRLR in regulating
the immunomodulatory properties of mandibular BM-
MSCs. Our results indicate that the JAK/STAT3
pathway is involved in the immunoregulation of BM-
MSCs, and provide critical insight into the development
of novel targeted therapies against periodontitis and
perhaps also other inflammation/immune disorder-
related diseases.

AUTHOR CONTRIBUTIONS

Bingyi Shao and Jing Gao conceived and designed these
experiments. Duo Zhou performed these experiments.
Duo Zhou, Jie Wang, and Degin Yang analyzed and
interpreted the data. Bingyi Shao and Jing Gao wrote
the manuscript. Jing Gao revised the manuscript. All
authors read and approved the final manuscript.

CONFLICTS OF INTEREST

All authors have completed the ICMJE uniform
disclosure form. All the authors declare that they have
no competing interests.

ETHICAL STATEMENT

All procedures involving animals were performed
according to the National Institutes of Health
Guidelines on the Use of Laboratory Animals, and
were approved by the Ethics Committee of the
Chongging Medical University (approved protocol
number 2020-067). All experimental protocols were
performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Chongging Medical
University.

FUNDING

This work was supported by the National Natural
Science Foundation of China (No. 32000577).

REFERENCES

1. de Sousa ET, de Araujo JSM, Pires AC, Lira Dos Santos
EJ. Local delivery natural products to treat
periodontitis: a systematic review and meta-analysis.
Clin Oral Investig. 2021; 25:4599-619.
https://doi.org/10.1007/s00784-021-03774-2
PMID:33527193

2. Kwon T, Lamster IB, Levin L. Current Concepts in the
Management of Periodontitis. Int Dent J. 2021;
71:462-76.
https://doi.org/10.1111/idj.12630
PMID:34839889

3. Cecoro G, Annunziata M, luorio MT, Nastri L, Guida L.
Periodontitis, Low-Grade Inflammation and Systemic
Health: A Scoping Review. Medicina (Kaunas). 2020;
56:272.
https://doi.org/10.3390/medicina56060272
PMID:32486269

4. Van Dyke TE, Sima C. Understanding resolution of
inflammation in periodontal diseases: Is chronic
inflammatory periodontitis a failure to resolve?
Periodontol 2000. 2020; 82:205-13.
https://doi.org/10.1111/prd.12317
PMID:31850636

5. Verrusio C, lorio-Siciliano V, Blasi A, Leuci S, Adamo D,
Nicolo M. The effect of orthodontic treatment on
periodontal tissue inflammation: A systematic review.
Quintessence Int. 2018; 49:69-77.
https://doi.org/10.3290/j.qi.a39225
PMID:29114647

wWww.aging-us.com

7140

AGING


https://doi.org/10.1007/s00784-021-03774-2
https://pubmed.ncbi.nlm.nih.gov/33527193
https://doi.org/10.1111/idj.12630
https://pubmed.ncbi.nlm.nih.gov/34839889
https://doi.org/10.3390/medicina56060272
https://pubmed.ncbi.nlm.nih.gov/32486269
https://doi.org/10.1111/prd.12317
https://pubmed.ncbi.nlm.nih.gov/31850636
https://doi.org/10.3290/j.qi.a39225
https://pubmed.ncbi.nlm.nih.gov/29114647

10.

11.

12.

13.

14.

Hajishengallis G. Immunomicrobial pathogenesis of
periodontitis: keystones, pathobionts, and host
response. Trends Immunol. 2014; 35:3-11.
https://doi.org/10.1016/}.it.2013.09.001
PMID:24269668

Nibali L, Darbar U, Rakmanee T, Donos N. Anemia of
inflammation associated with periodontitis: Analysis of
two clinical studies. J Periodontol. 2019; 90:1252-9.
https://doi.org/10.1002/JPER.19-0124
PMID:31119743

Bunte K, Beikler T. Th17 Cells and the IL-23/IL-17
Axis in the Pathogenesis of Periodontitis and
Immune-Mediated Inflammatory Diseases. Int J Mol
Sci. 2019; 20:3394.
https://doi.org/10.3390/ijms20143394
PMID:31295952

. Miossec P, Kolls JK. Targeting IL-17 and TH17 cells in

chronic inflammation. Nat Rev Drug Discov. 2012;
11:763-76.

https://doi.org/10.1038/nrd3794

PMID:23023676

van der Veeken J, Gonzalez AJ, Cho H, Arvey A,
Hemmers S, Leslie CS, Rudensky AY. Memory of

Inflammation in Regulatory T Cells. Cell. 2016;
166:977-90.
https://doi.org/10.1016/j.cell.2016.07.006
PMID:27499023

Karthikeyan B, Talwar, Arun KV, Kalaivani S.

Evaluation of transcription factor that regulates T
helper 17 and regulatory T cells function in
periodontal health and disease. J Pharm Bioallied Sci.
2015; 7:5672-6.
https://doi.org/10.4103/0975-7406.163602
PMID:26538941

Zhao L, Zhou Y, Xu Y, Sun Y, Li L, Chen W. Effect of
non-surgical periodontal therapy on the levels of
Th17/Th1/Th2 cytokines and their transcription
factors in Chinese chronic periodontitis patients.
J Clin Periodontol. 2011; 38:509-16.
https://doi.org/10.1111/j.1600-051X.2011.01712.x
PMID:21392046

Yang J, Wu J, Liu Y, Huang J, Lu Z, Xie L, Sun W, Ji Y.
Porphyromonas gingivalis infection reduces
regulatory T cells in infected atherosclerosis patients.
PLoS One. 2014; 9:e86599.
https://doi.org/10.1371/journal.pone.0086599
PMID:24466164

Wang M, Yuan Q, Xie L. Mesenchymal Stem Cell-
Based Immunomodulation: Properties and Clinical
Application. Stem Cells Int. 2018; 2018:3057624.
https://doi.org/10.1155/2018/3057624
PMID:30013600

15.

16.

17.

18.

19.

20.

21.

22.

Wu X, lJiang J, Gu Z, Zhang J, Chen Y, Liu X.
Mesenchymal stromal cell therapies:
immunomodulatory properties and clinical progress.
Stem Cell Res Ther. 2020; 11:345.
https://doi.org/10.1186/s13287-020-01855-9
PMID:32771052

Song N, Scholtemeijer M, Shah K. Mesenchymal Stem
Cell Immunomodulation: Mechanisms and
Therapeutic Potential. Trends Pharmacol Sci. 2020;
41:653-64.
https://doi.org/10.1016/].tips.2020.06.009
PMID:32709406

Venkatesh D, Kumar KPM, Alur JB. Gingival
mesenchymal stem cells. J Oral Maxillofac Pathol.
2017; 21:296-8.
https://doi.org/10.4103/jomfp.JOMFP_162 17
PMID:28932043

Zhang Q, Shi S, Liu Y, Uyanne J, Shi Y, Shi S, Le AD.
Mesenchymal stem cells derived from human
gingiva are capable of immunomodulatory functions
and  ameliorate  inflammation-related  tissue
destruction in experimental colitis. J Immunol. 2009;
183:7787-98.
https://doi.org/10.4049/jimmunol.0902318
PMID:19923445

Zhao J, Chen J, Huang F, Wang J, Su W, Zhou J, Qi Q,
Cao F, Sun B, Liu Z, Bellanti JA, Zheng S. Human
gingiva tissue-derived MSC ameliorates immune-
mediated bone marrow failure of aplastic anemia via
suppression of Thl and Th17 cells and enhancement
of CD4+Foxp3+ regulatory T cells differentiation. Am J
Transl Res. 2019; 11:7627-43.

PMID:31934306

Yang R, Yu T, Liu D, Shi S, Zhou Y. Hydrogen sulfide
promotes immunomodulation of gingiva-derived
mesenchymal stem cells via the Fas/FasL coupling
pathway. Stem Cell Res Ther. 2018; 9:62.
https://doi.org/10.1186/s13287-018-0804-6
PMID:29523215

Hong Y, Xu H, Yang Y, Zhou S, Jin A, Huang X, Dai Q,
Jiang L. Isolation and Cultivation of Mandibular Bone
Marrow Mesenchymal Stem Cells in Rats. J Vis Exp.
2020.

https://doi.org/10.3791/61532

PMID:32925878

Lyu J, Hashimoto Y, Honda Y, Matsumoto N.
Comparison of Osteogenic Potentials of Dental
Pulp and Bone Marrow Mesenchymal Stem Cells
Using the New Cell Transplantation Platform,
CellSaic, in a Rat Congenital Cleft-Jaw Model. Int J
Mol Sci. 2021; 22:9478.
https://doi.org/10.3390/ijms22179478
PMID:34502394

wWww.aging-us.com

AGING


https://doi.org/10.1016/j.it.2013.09.001
https://pubmed.ncbi.nlm.nih.gov/24269668
https://doi.org/10.1002/JPER.19-0124
https://pubmed.ncbi.nlm.nih.gov/31119743
https://doi.org/10.3390/ijms20143394
https://pubmed.ncbi.nlm.nih.gov/31295952
https://doi.org/10.1038/nrd3794
https://pubmed.ncbi.nlm.nih.gov/23023676
https://doi.org/10.1016/j.cell.2016.07.006
https://pubmed.ncbi.nlm.nih.gov/27499023
https://doi.org/10.4103/0975-7406.163602
https://pubmed.ncbi.nlm.nih.gov/26538941
https://doi.org/10.1111/j.1600-051X.2011.01712.x
https://pubmed.ncbi.nlm.nih.gov/21392046
https://doi.org/10.1371/journal.pone.0086599
https://pubmed.ncbi.nlm.nih.gov/24466164
https://doi.org/10.1155/2018/3057624
https://pubmed.ncbi.nlm.nih.gov/30013600
https://doi.org/10.1186/s13287-020-01855-9
https://pubmed.ncbi.nlm.nih.gov/32771052
https://doi.org/10.1016/j.tips.2020.06.009
https://pubmed.ncbi.nlm.nih.gov/32709406
https://doi.org/10.4103/jomfp.JOMFP_162_17
https://pubmed.ncbi.nlm.nih.gov/28932043
https://doi.org/10.4049/jimmunol.0902318
https://pubmed.ncbi.nlm.nih.gov/19923445
https://pubmed.ncbi.nlm.nih.gov/31934306
https://doi.org/10.1186/s13287-018-0804-6
https://pubmed.ncbi.nlm.nih.gov/29523215
https://doi.org/10.3791/61532
https://pubmed.ncbi.nlm.nih.gov/32925878
https://doi.org/10.3390/ijms22179478
https://pubmed.ncbi.nlm.nih.gov/34502394

23.

24,

25.

26.

27.

28.

29.

30.

Zang S, Jin L, Kang S, Hu X, Wang M, Wang J, Chen B,
Peng B, Wang Q. Periodontal Wound Healing by
Transplantation of Jaw Bone Marrow-Derived
Mesenchymal Stem Cells in Chitosan/Anorganic
Bovine Bone Carrier Into One-Wall Infrabony Defects
in Beagles. J Periodontol. 2016; 87:971-81.
https://doi.org/10.1902/j0p.2016.150504
PMID:27153292

Fang F, Zhang K, Chen Z, Wu B. Noncoding RNAs: new
insights into the odontogenic differentiation of dental
tissue-derived mesenchymal stem cells. Stem Cell Res
Ther. 2019; 10:297.
https://doi.org/10.1186/s13287-019-1411-x
PMID:31547871

Ghafouri-Fard S, Moghadam MHB, Shoorei H,
Bahroudi Z, Taheri M, Taheriazam A. The impact of
non-coding RNAs on normal stem cells. Biomed
Pharmacother. 2021; 142:112050.
https://doi.org/10.1016/j.biopha.2021.112050
PMID:34426251

Liu Y, Wang X, Yang F, Zheng Y, Ye T, Yang L.
Immunomodulatory Role and Therapeutic Potential
of Non-Coding RNAs Mediated by Dendritic Cells in
Autoimmune and Immune Tolerance-Related
Diseases. Front Immunol. 2021; 12:678918.
https://doi.org/10.3389/fimmu.2021.678918
PMID:34394079

Chen J, Zhang Y, Tan W, Gao H, Xiao S, Gao J, Zhu Z.
Silencing of long non-coding RNA NEAT1 improves
Treg/Th17 imbalance in preeclampsia via the miR-
485-5p/AIM2 axis. Bioengineered. 2021; 12:8768-77.
https://doi.org/10.1080/21655979.2021.1982306
PMID:34696702

Yang Y, Liu S, He C, Chen Z, Lyu T, Zeng L, Wang L,
Zhang F, Chen H, Zhao RC. Long Non-coding RNA
Regulation of Mesenchymal Stem Cell Homeostasis
and Differentiation: Advances, Challenges, and
Perspectives. Front Cell Dev Biol. 2021; 9:711005.
https://doi.org/10.3389/fcell.2021.711005
PMID:34368161

Zhang X, Ren L, Yan X, Shan Y, Liu L, Zhou J, Kuang Q,
Li M, Long H, Lai W. Identification of immune-related
IncRNAs in periodontitis reveals regulation network
of gene-IncRNA-pathway-immunocyte. Int
Immunopharmacol. 2020; 84:106600.
https://doi.org/10.1016/j.intimp.2020.106600
PMID:32417654

Kannan B, Arumugam P. Long non-coding RNAs as a
therapeutic target for periodontitis. J Dent Sci. 2022;
17:1839-40.
https://doi.org/10.1016/}.jds.2022.05.021
PMID:36299315

31.

32.

33.

34.

35.

36.

37.

38.

Wang L, Wu F, Song Y, Li X, Wu Q, Duan, Jin Z. Long
noncoding RNA related to periodontitis interacts
with miR-182 to upregulate osteogenic
differentiation in periodontal mesenchymal stem
cells of periodontitis patients. Cell Death Dis. 2016;
7:€2327.

https://doi.org/10.1038/cddis.2016.125
PMID:27512949

Yamaza T, Ren G, Akiyama K, Chen C, Shi Y, Shi S.
Mouse mandible contains distinctive mesenchymal
stem cells. J Dent Res. 2011; 90:317-24.
https://doi.org/10.1177/0022034510387796
PMID:21076121

Zhang X, Zhang X, Qiu C, Shen H, Zhang H, He Z, Song
Z, Zhou W. The imbalance of Th17/Treg via STAT3
activation modulates cognitive impairment in P.
gingivalis LPS-induced periodontitis mice. J Leukoc
Biol. 2021; 110:511-24.
https://doi.org/10.1002/JLB.3MA0521-742RRR
PMID:34342041

YuT, Yan B, Li J, Zhang T, Yang R, Wang X, Liu Y, Liu D.
Acetylsalicylic acid rescues the immunomodulation of
inflamed gingiva-derived mesenchymal stem cells via
upregulating FasL in mice. Stem Cell Res Ther. 2019;
10:368.

https://doi.org/10.1186/s13287-019-1485-5
PMID:31796122

Lewis KM, Bharadwaj U, Eckols TK, Kolosov M,
Kasembeli MM, Fridley C, Siller R, Tweardy DJ. Small-
molecule targeting of signal transducer and activator
of transcription (STAT) 3 to treat non-small cell lung
cancer. Lung Cancer. 2015; 90:182-90.
https://doi.org/10.1016/j.lungcan.2015.09.014
PMID:26410177

Sayad A, Mirzajani S, Gholami L, Razzaghi P, Ghafouri-
Fard S, Taheri M. Emerging role of long non-coding
RNAs in the pathogenesis of periodontitis. Biomed
Pharmacother. 2020; 129:110362.
https://doi.org/10.1016/j.biopha.2020.110362
PMID:32563981

Sayad A, Taheri M, Sadeghpour S, Omrani MD, Shams
B, Mirzajani S, Arsang-Jang S, Houshmand B, Amid R,
Gholami L, Ghafouri-Fard S. Exploring the role of long
non-coding RNAs in periodontitis. Meta Gene. 2020;
24:100687.
https://doi.org/10.1016/j.mgene.2020.100687

Yang C, Luo M, Chen Y, You M, Chen Q. MicroRNAs as
Important Regulators Mediate the Multiple
Differentiation of Mesenchymal Stromal Cells. Front
Cell Dev Biol. 2021; 9:619842.
https://doi.org/10.3389/fcell.2021.619842
PMID:34164391

wWww.aging-us.com

AGING


https://doi.org/10.1902/jop.2016.150504
https://pubmed.ncbi.nlm.nih.gov/27153292
https://doi.org/10.1186/s13287-019-1411-x
https://pubmed.ncbi.nlm.nih.gov/31547871
https://doi.org/10.1016/j.biopha.2021.112050
https://pubmed.ncbi.nlm.nih.gov/34426251
https://doi.org/10.3389/fimmu.2021.678918
https://pubmed.ncbi.nlm.nih.gov/34394079
https://doi.org/10.1080/21655979.2021.1982306
https://pubmed.ncbi.nlm.nih.gov/34696702
https://doi.org/10.3389/fcell.2021.711005
https://pubmed.ncbi.nlm.nih.gov/34368161
https://doi.org/10.1016/j.intimp.2020.106600
https://pubmed.ncbi.nlm.nih.gov/32417654
https://doi.org/10.1016/j.jds.2022.05.021
https://pubmed.ncbi.nlm.nih.gov/36299315
https://doi.org/10.1038/cddis.2016.125
https://pubmed.ncbi.nlm.nih.gov/27512949
https://doi.org/10.1177/0022034510387796
https://pubmed.ncbi.nlm.nih.gov/21076121
https://doi.org/10.1002/JLB.3MA0521-742RRR
https://pubmed.ncbi.nlm.nih.gov/34342041
https://doi.org/10.1186/s13287-019-1485-5
https://pubmed.ncbi.nlm.nih.gov/31796122
https://doi.org/10.1016/j.lungcan.2015.09.014
https://pubmed.ncbi.nlm.nih.gov/26410177
https://doi.org/10.1016/j.biopha.2020.110362
https://pubmed.ncbi.nlm.nih.gov/32563981
https://doi.org/10.1016/j.mgene.2020.100687
https://doi.org/10.3389/fcell.2021.619842
https://pubmed.ncbi.nlm.nih.gov/34164391

39.

40.

41.

42.

43.

44,

45.

46.

47.

Indrieri A, Carrella S, Carotenuto P, Banfi S, Franco B.
The Pervasive Role of the miR-181 Family in
Development, Neurodegeneration, and Cancer. Int J
Mol Sci. 2020; 21:2092.
https://doi.org/10.3390/ijms21062092
PMID:32197476

Lai Y, Zhao L, Hu J, Quan J, Chen P, Xu J, Guan X, Lai Y,
Ni L. microRNA-181a-5p functions as an oncogene in
renal cell carcinoma. Mol Med Rep. 2018; 17:8510-7.
https://doi.org/10.3892/mmr.2018.8899
PMID:29693121

Huang Z, Xu H. MicroRNA-181a-5p Regulates
Inflammatory Response of Macrophages in Sepsis.
Open Med (Wars). 2019; 14:899-908.
https://doi.org/10.1515/med-2019-0106
PMID:31844680

SuY, Yuan J, Zhang F, Lei Q, Zhang T, Li K, Guo J, Hong
Y, Bu G, Lv X, Liang S, Ou J, Zhou J, et al. MicroRNA-
181a-5p and microRNA-181a-3p cooperatively restrict
vascular inflammation and atherosclerosis. Cell Death
Dis. 2019; 10:365.
https://doi.org/10.1038/s41419-019-1599-9
PMID:31064980

Zhu H, Chen H, Ding D, Wang S, Dai X, Zhu Y. The
interaction of miR-181a-5p and sirtuin 1 regulated human
bone marrow mesenchymal stem cells differentiation and
apoptosis. Bioengineered. 2021; 12:1426-35.
https://doi.org/10.1080/21655979.2021.1915672
PMID:33904366

Wu Z, Zhang Z, Wang Z, Zhu H, Li M. MiR-181a-5p
Alleviates the Inflammatory Response of PC12 Cells
by Inhibiting High-Mobility Group Box-1 Protein
Expression. World Neurosurg. 2022; 162:e427-35.
https://doi.org/10.1016/j.wneu.2022.03.025
PMID:35283358

Zhou Y, Zong H, Han L, Xie Y, Jiang H, Gilly J, Zhang B,
Lu H, Chen J, Sun R, Pan Z, Zhu J. A novel bispecific
antibody targeting CD3 and prolactin receptor (PRLR)
against PRLR-expression breast cancer. J Exp Clin
Cancer Res. 2020; 39:87.
https://doi.org/10.1186/s13046-020-01564-4
PMID:32398042

Abramicheva PA, Smirnova OV. Prolactin Receptor
Isoforms as the Basis of Tissue-Specific Action of
Prolactin in the Norm and Pathology. Biochemistry
(Mosc). 2019; 84:329-45.
https://doi.org/10.1134/50006297919040011
PMID:31228925

Brooks CL. Molecular mechanisms of prolactin and its
receptor. Endocr Rev. 2012; 33:504-25.
https://doi.org/10.1210/er.2011-1040
PMID:22577091

48.

49.

50.

51.

52.

53.

54.

55.

Pereira Suarez AL, Lopez-Rincdn G, Martinez Neri PA,
Estrada-Chavez C. Prolactin in inflammatory response.
Adv Exp Med Biol. 2015; 846:243-64.
https://doi.org/10.1007/978-3-319-12114-7 11
PMID:25472542

Tang MW, Garcia S, Gerlag DM, Tak PP, Reedquist KA.
Insight into the Endocrine System and the Immune
System: A Review of the Inflammatory Role of
Prolactin in Rheumatoid Arthritis and Psoriatic
Arthritis. Front Immunol. 2017; 8:720.
https://doi.org/10.3389/fimmu.2017.00720
PMID:28690611

Sackmann-Sala L, Guidotti JE, Goffin V. Minireview:
prolactin regulation of adult stem cells. Mol
Endocrinol. 2015; 29:667-81.
https://doi.org/10.1210/me.2015-1022
PMID:25793405

Pessoa Oliveira K, Reis AMS, Silva AP, Silva CLR, Gdes
A, Serakides R, Ocarino NM. Osteogenic
differentiation of adipose tissue-derived
mesenchymal stem cells cultured with different
concentrations of prolactin. Arquivo Brasileiro de
Medicina Veterinaria e Zootecnia. 2017; 69:1573-80.
https://doi.org/10.1590/1678-4162-9364

Banerjee S, Biehl A, Gadina M, Hasni S, Schwartz DM.
JAK-STAT Signaling as a Target for Inflammatory and
Autoimmune Diseases: Current and Future Prospects.
Drugs. 2017; 77:521-46.
https://doi.org/10.1007/s40265-017-0701-9
PMID:28255960

Tripathi A, Sodhi A. Prolactin-induced production of
cytokines in macrophages in vitro involves JAK/STAT
and JNK MAPK pathways. Int Immunol. 2008;
20:327-36.

https://doi.org/10.1093/intimm/dxm145
PMID:18187558

Egwuagu CE. STAT3 in CD4+ T helper cell
differentiation and inflammatory diseases. Cytokine.
2009; 47:149-56.
https://doi.org/10.1016/j.cyt0.2009.07.003
PMID:19648026

Schafer A, Evers L, Meier L, Schlomann U, Bopp
MHA, Dreizner GL, Lassmann O, Ben Bacha A,
Benescu AC, Pojskic M, PreulRer C, von Strandmann
EP, Carl B, et al. The Metalloprotease-Disintegrin
ADAMS Alters the Tumor Suppressor miR-181a-5p
Expression Profile in Glioblastoma Thereby
Contributing to Its Aggressiveness. Front Oncol.
2022; 12:826273.
https://doi.org/10.3389/fonc.2022.826273
PMID:35371977

wWww.aging-us.com

AGING


https://doi.org/10.3390/ijms21062092
https://pubmed.ncbi.nlm.nih.gov/32197476
https://doi.org/10.3892/mmr.2018.8899
https://pubmed.ncbi.nlm.nih.gov/29693121
https://doi.org/10.1515/med-2019-0106
https://pubmed.ncbi.nlm.nih.gov/31844680
https://doi.org/10.1038/s41419-019-1599-9
https://pubmed.ncbi.nlm.nih.gov/31064980
https://doi.org/10.1080/21655979.2021.1915672
https://pubmed.ncbi.nlm.nih.gov/33904366
https://doi.org/10.1016/j.wneu.2022.03.025
https://pubmed.ncbi.nlm.nih.gov/35283358
https://doi.org/10.1186/s13046-020-01564-4
https://pubmed.ncbi.nlm.nih.gov/32398042
https://doi.org/10.1134/S0006297919040011
https://pubmed.ncbi.nlm.nih.gov/31228925
https://doi.org/10.1210/er.2011-1040
https://pubmed.ncbi.nlm.nih.gov/22577091
https://doi.org/10.1007/978-3-319-12114-7_11
https://pubmed.ncbi.nlm.nih.gov/25472542
https://doi.org/10.3389/fimmu.2017.00720
https://pubmed.ncbi.nlm.nih.gov/28690611
https://doi.org/10.1210/me.2015-1022
https://pubmed.ncbi.nlm.nih.gov/25793405
https://doi.org/10.1590/1678-4162-9364
https://doi.org/10.1007/s40265-017-0701-9
https://pubmed.ncbi.nlm.nih.gov/28255960
https://doi.org/10.1093/intimm/dxm145
https://pubmed.ncbi.nlm.nih.gov/18187558
https://doi.org/10.1016/j.cyto.2009.07.003
https://pubmed.ncbi.nlm.nih.gov/19648026
https://doi.org/10.3389/fonc.2022.826273
https://pubmed.ncbi.nlm.nih.gov/35371977

SUPPLEMENTARY MATERIALS

Supplementary Figure
A C Osteogenic induction Adipogenic induction
- - -
Periodontitis ; e
- o
B
CD105 CD90 CD44
g ]

g 896.4% B9.’..1‘% B9!!.5'/.

[e]

Z

= 1 10t 10z 10° 1 101 b 10 N k 101 q 10°

| !h

2 8

o 98.8%

©

2

5]

o

- 1 10! 10z

FITC

Supplementary Figure 1. Characterization of mandibular BM-MSCs from periodontitis healthy normal mice or mice induced
with periodontitis. (A) Cell morphology of mandibular bone marrow—derived MSCs at Day 14 after culturing. (B) Flow cytometric analysis
of MSC markers and hematopoiesis markers in normal/periodontitis mandibular BM-MSCs. These BM-MSCs were CD105*CD90*CD44+CD34-
CD45-. All Abs were PE-conjugated and were bought from BioLegend. (C) Multilineage differentiation capacity of established mandibular
BM-MSCs. Osteogenic differentiation was confirmed by the formation of mineralized matrix in both normal/periodontitis mandibular
BM-MSCs after osteogenic induction (40x magnification). Adipogenic differentiation was confirmed by oil red O staining. Lipid vacuoles
cells were found in the images after adipogenic induction (200x).
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Supplementary Table

Supplementary Table 1. Primers for real-time PCR in this study.

Gene Forward primers (5'—3’) Reverse primers (5'—3’)
RORC GAGAAGGACAGGGAGCCAAG GCGGAAGAAGCCCTTGCAC

INcRNA SPIRE1  TTTCCTCAACTGGAGCTGGT TCGTGCTTCCTGTATTGCAGA

FOXP3 CCCACACTGCCCCTAGTCAT TCCACCGTTGAGAGCTGGT

miR-181a-5p AACAUUCAACGCUGUCGGUGAGU Universal PCR Reverse Primer (#B532451; Sangon Biotech Co., Ltd.)
PRLR CACTCCTTCTCCCTCTTTCTGG ATAGGAGAGTTCTTTAGTTTTGCCA
IGF2BP2 AGTGGAATTGCATGGGAAAATCA CAACGGCGGTTTCTGTGTC

KLF6 GGCAACAGACCTGCCTAGAG CTCCCGAGCCAGAATGATTTT

SIRT1 TAGCCTTGTCAGATAAGGAAGGA ACAGCTTCACAGTCAACTTTGT

EN2 CCGGCGTGGGTCTACTGTA CCTCTTTGTTCGGGTTCTTCTT

GAPDH AACTTTGGCATTGTGGAAGG ATTGGGGGTAGGAACA

ué CTCGCTTCGGCAGCACA ACGCTTCACGAATTTGCGT

www.aging-us.com 7145 AGING



