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[Abstract] Objective To reveal the role of periodontal ligament stem cell-derived exosomes (PDLSC-Exos) in
orthodontic bone remodeling, in order to provide new therapeutic strategies for orthodontic tooth movement (OTM).
Methods This study has been reviewed and approved by the Ethics Committee. Healthy periodontal ligament tissues

from clinical orthodontic reduction extractions were collected, and periodontal ligament stem cells (PDLSCs) were isolated
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and cultured. When cultured to the third generation, their self-renewal ability and multidirectional differentiation potential
were detected. PDLSC-Exos were isolated and purified by gradient centrifugation and identified by transmission electron
microscopy, immunofluorescence, ZetaView, and nanoflow cytometry. The co-culture of 10 pwg/ml. PDLSC-Exos and
PDLSCs (PDLSCs+Exos) induced osteogenic differentiation to evaluate the effect of osteogenesis. Bone marrow-mononu-
clear cells (BMMs), promoted by osteoclast differentiation [30 ng/mL macrophage colony stimulating factor (M-CSF) + 50
ng/mL receptor activator of nuclear factor-k B ligand (RANKL)], and then were treated with 10 pg/mL PDLSC-Exos to
assess the effect on osteoclasts. We established a rat model of OTM, and 50 wg/mL PDLSC-Exos was injected locally in-
to the periodontal ligament before we established the model (OTM + Exos), every 2 days for 14 days. Alveolar bone re-
modeling was analyzed by micro-CT, and alveolar bone osteoclasts were analyzed by immunohistochemistry and immuno-
fluorescence. Results The isolated and purified PDLSCs met the basic characteristics of mesenchymal stem cells, and
PDLSC-Exos had typical characteristics of extracellular vesicles. PDLSCs-Exos significantly promoted the osteogenic dif-
ferentiation of PDLSCs, and promoted the osteoclast differentiation and bone resorption activity of BMMs (P < 0.05). The
rate of alveolar bone remodeling in rats with local periodontal injection of PDLSC-Exos was significantly accelerated, and
the tooth movement distance was significantly increased (£ < 0.05); immunohistochemistry results showed that PDLSC-
Exos promoted the differentiation of osteoclasts (P< 0.05). In addition, immunofluorescence showed that PDLSC-Exos co-lo-
calized with osteoclasts, indicating that PDLSC-Exos may promote osteoclast differentiation in vivo. Conclusion PDLSC
-Exos accelerate the rate of orthodontic bone remodeling by promoting osteogenic differentiation of PDLSCs and osteo-
clast differentiation of BMMs, thereby accelerating OTM.
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Gibco, 3£ [ ) , Trypsin-EDTA (0.25%) (25200056,
Gibeo, ZE [ ) , 7§ Z 21 (A5533, Sigma, £ ) , L 0O
(01391, Sigma, 3 ) , HLIK 1M R (49752, Sigma , 3
[, M 2 K A5 (HY-14648 , MCE, 36 [ ) , B-H i i
2 £ (G5422, Sigma, 3 [E ) , dispase 1l 43 #
(4942078001, Roche, Fii 1) , collagenase 1 % 5t fif
(LS004197, worthington, 3& [& ) , FITC Anti-human
CD9 Hi A (312105, Biolegend , £ [# ) , CellMask Deep
Red [l 448} (C10046, ThermoFisher, 5% [{ ) , . I 41
Jif £E 7% 31 34 X - (macrophage colony stimulating fac-
tor, M-CSF ) (AF-400-28, Peprotech, 3¢ [ ) , ¥ A 1
kB 52 & 15 1k A F B /K (receptor activator of nuclear
factor-k B ligand, RANKL) (740820, R&D System , 3¢
), £1 41 i 24 W (CWO0613S, CWBIO, FR E ) , 4t
W A R W 12 1l e €530 0] &5 (387A, Sigma, £ H ),
Osteo-assay pit surface 24 L 2 ifd 5% 7% #x (CLS-AN-
144, Corning, 3% [H ) . 8 & 2¢Ot W fil 5% (Axio,
Zeiss , {5 E ) , 5L (V800 Photo, Epson, H A ) , #4
G B A= i s (1.SM980, Carl Zeiss, fZ[E ) , micro-
CT(AX-2000, Always Imaging, H [& ) , 44 K 0k IE B
WAL ZetaView (PMX 120, Particle Metrix , f2 [ ) ,
i 43 P45 R O BB I 3 BE (Elyra7, Carl Zeiss, f&
[ ), 75 5 H 1 2 338 (spirit T12, FET, £ 5% ) , i 3
A (FACSVerse, BD, ) .

1.2 %%k

12,1 ANF AT 40 ) g lifh A w58 24k
3PS B 22 B 2 WAL (R AIL S - 8 R [ 2024 ] 56
3135 ) o B fE Ak B 04 £t B IE WSRO, PBS Vi R 2
U, R J0 8 B0 4 3% 18 2 JRI BB A 20, Tl 3
L PBS 1. PBSHVESG A 2 mg/mL A 176 Jig Ji fiff
A4 mg/mL 1 [ B 73 HLmG % 08 12 1 12 LU IR & 19 1H
TR, 37 COKIEFE IR TH AL 60 min, 2 1k By, WA
R AR WRAT Z WA ML 5 T 1 70 wm UE I 2o 38, 22 BR4H
R R, AR BRI . 1 500 rpm 5.0 5 min, 5
L R AR, DL IX 102 om® 5 E R
P& SE R IR IR BE IR, 37°C, 5% CO, I I 46 R
AR 1~2 d S #R, T U ERLAH i s BE | SRR 3 d 4
T, T 2 200 B B % R GR 70% ~ 90% POE AR P1
1.2.2 PDLSCs (4% # A4 KOIRAS R 4F H 40 M %5
J& 1K 90% ~ 100% 1 P3 PDLSCs 2 Jif & 1 i 11 1k
1 500 rpm & .L» 5 min, % 0.5% FBS [ PBS i FACS
W 20K B AR B H 2900 2x10° A4, 2350 in
A1 L PE-#i /) EL CD105 . CD73 ., CD90 ., CD34 F
CD45 HLA , [F) B35 7 [7] T e 44 1 % B2 DA BN

PO 25 X IR AL, 4 °CF G E 30 min, 40
2 BN i TR s it R U LR R Y N =i = W11
G HT o S3bbh, 4 a8 G kI PO 1Y s BT R
HEEFRERaY 6, RN IHESHEMLao
Y fe 55 7 7S E PDLSCs B AU IR K A= W= 1k
123 AMIAMARRHIIC A KOR A B4 Ho 20 i %
% 90% ~ 100% (1) P3-P5 1% PDLSCs 28 TG IfiL 15 15 37 3
UK T 24 b, AR B3, 22800 ¢ 250> 10 min J5 i
£ 3%, 2 000 g B0 10 min #E— 25 25 55 40 i 7%
JEWCAE BB . ROk, BIE W 16 000 g 5.0
30 min Ji7 W8 3%, 45 120 000 g 250> 2 h 5 I 82 T7T
UE R AP UAA  PBS I U J 48 0.50 wm FLARUE RS T
Je SR S5

1.2.4  ZF JE T 40 MR UE A A i R 5 . (DB
FE R 1~10x10"/mL {9 &1 WA AR 5 W 10 w L 35 i 21 4
WL, 2 T B 10 min IR BR 2 ik . F TS,
B ) 010w pH=6.5 4 2% B R 45 IR 75 e, -
i N Y2 min, BT B ERE EHLREE ., QF
BAM WA, LA 1:2 000 Al A i #t ) Cellmask Deep
Red Y , & F {5 5 min, 120 000 g 250> 2 h Y&
YLt 5 B ULTE , FACS T2 5 1: 100 JITA S & /1Y
FITC Anti-human CD9, ¥ A & A, OE 5 £ W5k
% Zeiss 980 L ALWLEE . @ H & MBI BIKES
WA, 1 mL A S AR EHL . 100 nm A AR
THE JOURE A HE 4 K RSB BR 53 BT A ZetaView PMX
120 A9 AR 2 80, I e R 5 1 106 W 0 AT 86 94 %)
(N

1.2.5 PDLSCs-Exos %I PDLSCs /15 1% 5 43 1k 1) 5
My PDLSCs LA 0.5%10°A~/FL 3R 48 12 FLAR Y, [F]
F 2L 1 10°4 /L3 2 6 FLAR I, 359 )i AT 2 15 37
B3 . N T HERR PDLSCs 3 58 b H B 43 4k
SR, 40 R K B 100% fil A 45 1R S S A S
F B IR, A A 100 wmol/L L-F 34 1ML /%
2 mmol/L B-H B EL A1 10 nmol/L Hb ZE K ¥ A8 5B
Br 3R L5 S A0 Mg, [R) B S 55 4 i A 10 wg/mL
PDLSCs-Exos 2:45 552 0 si# 1755 7~10 dJ5 , L 6 FL
M 1% 7 B9 PDLSCs H 42 USR8 L, IF 38 i Western
blot 43 #1 A [] 4 PDLSCs A4 Runt A 5 5% 5% K F 2
(Runt-related transcription factor 2, Runx2 ) FIH# 14
PR it ( alkaline phosphatase , ALP) 223k /K- o W 175
IR A TG 4% PFA [E € FLAR TP 0 41 15 min,
PBS Vi1 3 Y5 T 1% o6 3 2165 12 FL AR A 4% 28 4t g
AT YA 3 min, ddH,0 VRV FLAR , il F il . %
M AR B B 4 ##54 Epson V800 Photo &2 AH i
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B0 5 min, 35 I I L4024 @ T R vk b
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B} 40 Y (bone marrow mononuclear cells, BMMs) .
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T30 gk e e F R R B A — B F R
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2 d AT A SR G v S Sk R
AUSES — B 2 3 rh O 78 P B B B R AL
1.2.11  Micro-CT #WH# sh R BT WOk 5 % K B
L AE HEAT micro-CT H1 48, I & Jy 32 2 R 1t Ak
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1.3 %t F o

K YIEL + bR 2 (2 + o) Ron LB . 8
id GraphPad Prism ( GraphPad 3% 4, 8.0) #E 47 & & Al
Geit oAt . PR Z 8] 04 43 BT LU AR A ST A e xf
Student ¢4 5 ; 2 21 [1] L 55 K FH Tukey £ 56 %) H.
27 2253 Mt (one-way ANOVA) , DL P < 0.05 K £ ik
EEER

2 &% B
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(Bl 1b) o 75 I8 BCEA BT 2 240 Y ( colonies form-
ing unit-fibroblastic , CFU-F) {i 7k PDLSCs £ e & B

1 e) &5 B F IR 43 B 55 37 10 PDLSCs BE% i B 171 404k
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B \\\‘— A\ / "‘/‘ \\ _J ,\\/ ‘\‘\ J// \ / \
102100 10° 106 107710 10° 105 10°  10710°°  10* 10° 106 1077103° 10 10° 10°  107710°°  10¢ 10° 10° 1077
PE-H PE-H PE-H PE-H PE-H
0 @ Alizarin red e Oil red
) o A Yy ‘Qq
- '

a: morphology, morphological observation of isolated PDLSCs. b: surface markers were detected by flow cytometry, identification of surface markers
of isolated PDLSCs. ¢: CFU-F, detection of proliferation and differentiation ability of PDLSCs. d: Alizarin red staining, detection of osteogenic differ-

entiation ability of PDLSCs. e: oil red O staining, detection of adipogenic differentiation ability of PDLSCs. CFU-F: colony-forming unit-fibroblast;

PDLSCs: periodontal ligament stem cells

Figure 1  Phenotype of periodontal ligament stem cells
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A BRME 2a FroR R B SR R . BT
3T RN SIM % 22 44K 1Y PDLSC-Exos TE 25 , 45
8 7R PDLSC-Exos 2 3L A PRAR /N CAR 2548, K/NFI
A S Z R —3" (B 2b) ; g e e g
BT PDLSC-Exos 5 % b i 4 10 25 2R 26 B Cellmask
JIEE Y £ () PDLSC-Exos JL-F ¥ % 88 CD9 4 4 fH 1
(B 2¢) o 94K FI0RLE &5 20 BT 10 45 R ik — 20 8w,
PDLSC-Exos - 44 ) /N J7 (89.8 + 35.3 ) nm , H: I 37
J9(=10.33 = 0.55)mV (& 2d) . 44K 37 20240 g AR 43
B 41, 31F 52 PDLSC - Exos 26 3 & CD9 . CD63 . CD81 .
CD90 FH M (&l 2e) . XEEZEREH ,IFEFHEN
PDLSC-Exos H. 75 15 40 J3 41 Jfd 7148 30 11 4
2.3 PDLSC-Exos 1% ## PDLSCs #) 5% ‘B %1%

4y B I HE 35 PDLSCs , FEdE A7 i 15 5, Hoh s
KN A 10 wg PDLSC-Exos. 75 2 21 YL {0 45 5 b,
7, PDLSC-Exos &b B i #F 55 45 47 (1) JE 1 (&l 3a) ;
Western blot 45 5 I8 75 , PDLSC-Exos &b ¥ 28 ) 5L 1]
BNCE A bR S 1 ALP & Runx2 2350 & F A

DA I 45 542 7R PDLSC-Exos g {2 #F PDLSCs 14 Ji
srAefie J1 (K 3b) o
2.4 PDLSC-Exos 1% # 5% ‘B 2m it 4 2 4%

TRAP e {045 0 18 15 40 f 534k, T] - 1 Wi B
3 ST A 0 A L ) R OIS RE ), O T West-
ern Blot 6 I il 5 20 ffd ¢ S Mk B U R 35 . TRAP %
045 3 R, PDLSC-Exos &b ¥ 21 HL A 5 K (1 Jit 24
TR 20 L, O HL 1 40 ) B E B 5 i O B
256 45 5 /R PDLSC-Exos 4 38 0T i 15 5 14 7 5 40
it ELAT S o A B IROICRE T (181 4a) . Western blot 4%
7R PDLSC-Exos A0 ¥R .25 F A 40 fuAr 35
FH 15 A6 T 41 B #% B F (nuclear factor-activated T cell
1, NFATcl), TRAP. #H 2 #& 11 [ K(cathepsin K,
CTSK) . ¥ B % 1 (AP-1 Transcription Factor Subunit,
c-Fos) F1 3 JiT 4> J& & H B 9(matrix metalloprotein-9,
MMP-9) i) 2 15 (] 4b) . 3% 42 78 PDLSC-Exos FE S
A B e R R AR Y 0L
2.5 7 JA B3R iESH PDLSC-Exos 7T A e X J B # F
#% 2 ik L

K EUIE B 25 8 s, LR B BRI 2 o 2
PO, AT IF Wz 8 0 5 — B F T J v Jy [ R AT A
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a: schematic diagram of the gradient separation steps of PDLSC-Exos. b: SIM (left) and TEM (right) revealed the cup-shaped vesicular shape of
PDLSC-Exos. c: the expression of CD9 in CellMask-labeled PDLSC-Exos was detected by immunofluorescence staining. d: nanoparticle tracking
analysis showed that the average particle size of PDLSC-Exos was (89.8 + 35.3) nm, and its membrane potential was (-10.33 + 0.55) mV. e: nano-
flow analysis showed PDLSC-Exos was positive for CD9, CD63, CD81, and CD90. TEM: transmission electron microscopy; SIM: structured illumina-
tion microscopy; PDLSC-Exos: periodontal ligament stem cell-derived exosomes

Figure 2 Isolation, purification, and characterization of periodontal ligament stem cell-derived exosomes
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Figure 4 Periodontal ligament stem cell-derived exosomes promote osteoclast differentiation in rats
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somes activated osteoclasts in rats
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