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[HE] BB - AN T BB FTT)E T 418 (bone marrow mesenchymal stem cell, BMSC) & U /) /N 41 g b %% 0 (small
extracellular vesicle, sEV) X/)s BB & 40 40 fb A E W 4n A AL R R EEAE T, DLW B Sl s A e /N BRI sE m , Joik - B33
BMSC FHil i 22 3 2 O B3R ISEY, a3 B L 1 8% (transmission electron microscope, TEM) M 44K Wik B i 43 b B
A (nanoparticle tracking analysis, NTA) % E15 5]/ sEV., i 5 W40 IE 4E % )3 X 7 (macrophage colony-stimulating
factor, M-CSF) MA%IH T «B Z RIS E A (receptor activator of nuclear factor-«B ligand, RANKL) H#ll# RAW264.7 4l
M LA ST o 5 A0, 3 o P A BRER ME B ER Bl (tartrate-resistant acid phosphatase, TRAP) e {f [ UL 28 3R ik e €6 46 )
SEV X - 40 i oAk B R4 AR o i 98 O B PCR KN SEV X5 i 200 A o 5 DR A AR P 8 W G (R 45 B 8 1 (cAMP-
response element binding protein, CREB) . HZIH 1K (cathepsin K, CTSK) M c-Jun (Jun proto-oncogene) mRNA Fik
HEAREIE . TG 2 BRI RAW264.7 41 AR (L M1 REE W AR s fFH P14 3 -4 (interleukin-4, 1L-4) J% IL-13 Hi%
RAW264.7 4R AL M2 B E 20 . R i 2 A B AR AS D sEV 4 ML Je M2 B g 4 A AL i S o 5@ i S pLIT 2
FHIL%  (micro-computed tomography, micro-CT) % TRAP Y {6 L5E SEV X1 Ji i A AE /)N RS TR I A B ZHER A e i . 485
R+ TEM JZ NTA G55 /R 70 BRI sEV HAT MR AU BRIRES Y, B4R 0 30~150 nm. TRAP (8 [z AEFF R 25 R 2K,
BMSC SR IH i sEV BE A M il RAW264.7 240 i fil 5 T2 Al & 40 . PCR 25 SRR W] sEV REME P CREB. CTSK Ml c-Jun
mRNA FJ AR (35 P<0.05) . AN AMMAR S £, BMSC IR SEV RENS I RAW264.7 4il MU #1624 M1 R F g 41,
i EH A A M2 BY S A . Micro-CT Al 28 SR 7R, SEV 1T A5 784 /0N FRUMEEAE B /N R 50 A AR R B 3 v TR T
/N (3 P<0.05); TRAPJEZER /R, sEV T3Um BEME L b i & AR ECR b . 4518 - ABMSCRIEM SEV A LU
FE 2 B AN /N BRSBTS, X RTAR  JCA T /) BRURN e 240 L 23 A R A i M2 TR I 24 R Ak R VR A
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[Abstract] Objective:-To investigate the effects of small extracellular vesicles (sEVs) derived from human bone marrow
mesenchymal stem cells (BMSCs) on the regulation of osteoclast differentiation and macrophage polarization in mice, and mouse
model of osteoporosis. Methods:BMSCs were cultured and sEVs were isolated through differential centrifugation. The isolated
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sEVs were identified by transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA). RAW264.7 cells were
cultured and stimulated with macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-«kB ligand
(RANKL) to differentiate the cells into osteoclasts. Tartrate-resistant acid phosphatase (TRAP) staining and phalloidin staining were
performed to assess the effect of SEVs on osteoclast formation. The expression levels of osteoclast marker genes, i.e., cAMP-
response element binding protein (CREB), cathepsin K (CT7SK), and Jun proto-oncogene (c-Jun) were examined by real-time
quantitative PCR. To polarize RAW264.7 cells to M1 phenotype, they were cultured with lipopolysaccharides; to polarize them to
M2 phenotype, they were cultured with interleukin-4 (IL-4) and IL-13. Flow cytometry was performed to detect the effect of SEVs
on macrophage polarization. Micro-computed tomography (micro-CT) and TRAP staining were performed to investigate the effect
of sEVs on the bone tissues of lumbar vertebrae in osteoporosis mouse models. Results: TEM and NTA demonstrated that the
isolated sEVs had a typical globular structure with a diameter ranging from 30—150 nm. TRAP staining and phalloidin staining
showed that BMSC-derived sEVs inhibited the fusion of RAW264.7 cells to form osteoblasts. PCR revealed that sEVs could
decrease the expression of CREB, CTSK, and c-Jun (all P<0.05). Flow cytometry analysis indicated that BMSC-derived sEVs
inhibited RAW264.7 macrophages polarization to M1 phenotype and induced RAW264.7 macrophages polarization to M2
phenotype. Micro-CT indicated that the number of trabeculae and the bone volume fraction of lumbar vertebrae were significantly
higher in the sEV-intervened group than those in the control group (both P<0.05). TRAP staining revealed a reduction of osteoclast
number in the lumbar vertebrae after intervention with sEVs. Conclusion:The sEVs from human BMSCs can delay bone loss in
osteoporosis mice, which may be related to its effects of inhibiting osteoclast differentiation and promoting the polarization of M2
type macrophages.

[Key words] bone marrow mesenchymal stem cell (BMSC); small extracellular vesicle (sEV); osteoporosis; osteoclast;
macrophage polarization
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141 SCRaf s /BRI AR RAW264.7 11
T EREBE AN E . A BMSC (HUXMA-01001)
W b [ L A= Wy R A BRA W 8 S i el B M
CS57BL/6J /NI T 1 1 13 A= & Rk 2 001 52 T 52 3
YAET, TR YE PV ATIES S SCXK ()
2018-0006; /INERL AR 77 T+ 1 Vg A2 38 R 2 5 = Bt [ 2
ANARERESY SRS, S8 sh P il iE S
SYXK (i) 2016-0020.

1.1.2 FEEFIFYES R (fetal bovine serum,
FBS; 525 FBSSR-01021, H[EFEl), MEM 4HflHi5%
(% % 10370-070; 3% [ Gibeo) , fiE £ ¥
(lipopolysaccharides, LPS; %7*5- 12880, 3&[H Sigma-
Aldrich) , HUA PRI VERERR A (tartrate-resistant acid
phosphatase, TRAP) Yeaifil& (185 PMC-AKO4F-
COS, HZ&AWako), EWENAEAEAAHAT (macrophage
colony-stimulating factor, M-CSF; %5 CB34, " HE;ik
FREAM), L4 (185 CKI5, HELRLFEMATR); IL-
13 (485 CH18, WFEITHFHEMF), RANKL (%%
Cl194, HEEREMAR), BB7004RCARYINACDS6
Ptk ($95 742120, 35[E BD Pharmingen), APCHRic
BT/ BLE W20 A H 884 32 18 (macrophage mannose
receptor, MMR, XFRCD206) Hifk (955 FAB2535A,
FEFER&D Systems ), iFluor™ 488 bric VL 2EFAIKIRF] (62
5 40736ES75, WEMI), PrISEd AR G
MR YR DAPL; 524582110, EZRIET), HRNAS
BGRAH (TRIzol; $35 R1100, FEZRES), REw
R & (5955 11123ES60, HEHIE), S FOLE i
PCR ¥ #TIR A5 (qPCR SYBR Green Master Mix; %7
5 11204ES08, E®1%), PCRAIY) (1EBioTNT 2
m), SNBEIOEARC YR (DiR; 585 UR21017,
T HE)

8 B % ¢ W W Bi (Eclipse Ts2R-FL, H A&
Nikon) , i ¥ 53 HL W 2 9 #5 B 18 & 48 (micro-
computed tomography, micro-CT; Skyscan 1176, £
[ Bruker), ¥izC4lB{% (CytoFLEX system, 3% [
Beckman Coulter) , % 5§ H, F i il %i (transmission
TEM; JEM 2100F, H A&
JEOL) , 44K BURL R 5 43 BT {X  (NanoSight NS300,
I [E Malvern Panalytical) , %% ¢ % # PCR {Y{

electron microscopy,
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(LightCycler®480 11 , Fi+ Roche), /Nah#ilik s
%4 (VISQUE InVivo ART, #f[E Vieworks) .

1.2 S8 ik

1.21 sEVIrE 5% 5597 BMSC I 78 2 il fil
BRI 80%~90% Hf , ALK SR . S LB
Ji Kz 20 MO Fr L 2 B LA 300xg. 2 000xg & 10 000xg
50> 10 min, 10 min &% 30 min, Y FEROIEHALZ
0.22 pm JEAS L8 o B L UE IS A BV WL 100 000xg
25070 min, WEESEV, FITCH PBS I # & sEV IT
BE4 o TR BULDIITE 4 °)CHhE T . FRAFY SEV
STRITYE . MRS R, RS ET
—80 °CUKAE - AF o 4% B TEM 2 44 K 5k R 5 43 By
(nanoparticle tracking analysis, NTA) il & 2K 7 B¢
sEV, FiBefE _EALE .

1.2.2 WEEABRMESRSE iR 7.5<10° 4410
J1.5x10°4 /4L 0 % B2 K RAW264.7 4l il 3270 T 6 FL4H
M e MR b BB & 30 ng/mL M-CSF A% 100 ng/mL
RANKL [ 1 B 40 B 75 5 15 9% 2L 0017 40 M 15 & A &
I, BRI, WERAMIE SIS 1. 555, %8 H
FARR . BEREA G A A0 M R B, O o Sk BRA K
sEVAL, BLInE s HMMsE S35 3R, sEV ARy
FRIEPIASEV, WHEE N 2x10""4>/mL.

1.2.3 TRAPYAt il & ud il e . AERE IR
TSR B A B AR S, 2 5 PP [ T
I V. KRB KBRS 37 °C, Tid B A R
R, IFMASEFR R . Z S ERE SRR I
Yy, ROEAKIBMEE 2 he LB FKIEVER 3R
M, TEBIE DM N,

1.2.4 BRG] 2R PRSI = IR AT
T EEANHE 10 min, JFH PBSEME. FlE REAKT
YR, TESEFEAR TN AGE YR, FEELY @2 h,
JEHIPBS W vk, Bl E DAPI TAEW, JEInAREF M,
IR0 10 min, 7 RAET N IR AE

1.2.5 SERFHOGE R PCR i JH] TRIzol i 51 $2 BUZH
MLE RNA, JFRA 2] A 2 RNA G B 20l BRI, %
HEE A 45 HEA T B B 5745 31 cDNA I W, K F cDNA
5 SYBR Green Mix il . 51 Wi R e 7818 /K %
IRA LIFCE PCR TAER R, 7E950E i PCRALH i
ARzl . PCR N Z5F R FilAEE: 95 °C 5 ming A8
95°C 10's, ik JZZEH 60 °C 30's, it 40 MEH .
SIFANTENR 1.
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®1 WAEEPCRIIMFTI
Tab 1 Primer sequences for gPCR

Primer Sequence
5-CCTCTATGCCAACACAGT-3’
5-AGCCACCAATCCACACAG-3'
5-CCTTGCTTTCCGAATCCTC-3’
5-CACTTTGGCTGGACATCTTG-3’
5-AGCAACTTTCCTGACCCAGAG-3’
5-TCTTTACAGTCTCGGTGGCAG-3’
5-CCAGAATCTTGTGGACTGTGT-3'
5-CATCTTCAGAGTCAATGCCTC-3'

B-actin forward
B-actin reverse
CREB forward
CREB reverse
c-Jun forward
c-Jun reverse
CTSK forward
CTSK reverse

Note: CREB—cAMP-response element binding protein; c-Jun—1Jun proto-
oncogene; CTSK—cathepsin K.

1.2.6 FEFEEAMNL 76 fLB IR 5x10°AL
FEFN RAW264.7 4L, 53 R 2 . W IRZE S sEV
gl (M1 REAN B A AL 25 4L, XTHE4L, e sEV
2H s M2 RVE REA A AL 25 i dl, . YT, M sEV
M, FEEMIBEIE AL 25 A4, i MEM
O M B SR T IR 2 d, XA fd A7 200 ng/mL
LPS ARG 3= 155:2 d, sEV 4L, %A 200 ng/mL
LPS F12x10"/4~/mL sEV FIEFRWIEF 2 d, 3414100
¥J24 hi 1 k. S M2 BRI ER ARt . a5 4l
i I MEM 20 i 85 2 W 8592 2 d, XPRRAL & f
40 ng/mL IL-4 K 40 ng/mL IL-13 ) 40 g 55 9% Wi 5
2.d, SsEV 4L, 7E X} BEAL, 15 37 W 0 FE Al L P i 2x
10°4/mL sEViES2d, 344005 24 h #ei 11%.
1.2.7 WP BRI iE a8 R s,
Rl s A A, x4, & SsEV A, 1
RAW264.7 411fifd, 1A 300xg #.0> 5 min, JH]PBSH &L
TV, = H 2R P AW 2 10 min, JfH
PBS it . il & A 5% FBS U MM = IR M &
10 min, PBSVEUEIFFT LIHWR . # IEULRH 543 3 &
CD86HLiA (M1 B E Wi it {20 ) J CD206 Hifk
(M2 UG A M Ak dl) TAEW, TR, sRT
WG 30 min, WFHZ WS, 1] PBS AN,
FH = A TR

1.2.8 /Nh¥isiARg 4/ PBS L DiR Jukt TAE
W o 7 SEV HUINAGE & DIR TAEWE, 4 e i
IRAIIFTE K B e 30 min, R T B0 2 £ R
LAYk, fJa A PBS A . #f CSTBL/GI /N A Akt
WA M sEV AL, sEV 41/ Bl i B8 ki 3 DiR A
fISEV (2x10"°4~/mL), % 18 41 /)8 BT 51 4% & PBS.
24 hJ, W2d/NRRBEE . BBE BoEtE, /N
YT R A5 22 e WS/ N BB 9 SEV I 43 A I 150
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1.2.9 HBEHAMESIYIET B8 R A MErE C5S7BL/
6J/NR, EBRUUIENEE (ovariectomized, OVX) LU##
S OB AAE SRR, I3 OVX ZHFI OVX+SEV
. A2, OVX+sEV 41/ A 2 Jl i ik
TEST 500 WL 11 2x10'°4~/mL sEV % 1K, OVX 41l
b R DK S A AR K . 12 S AR AN BT HUE
MELHZ ., [ MEHEL 2T 34T micro-CT A4, 40#Ti
580 (bone volume/tissue volume, BV/TV) MH
INGER R (trabecular number, Tb.N) . CBFJEHEZH 21E
TSR, AfH CBEMR AT R WA ], R
FLHEEMEH LU R, IR BT TRAP 444,

1.3 il fuhr

K Hl GraphPad Prism 9.0 #1748 124 0 M 4 K .
B GORNH Xt TR, 241 HLBCRH ek . P<0.05
TR HEAGH R L,

2 ER

2.1 SEV I &S5RI

3 2 B O VES R sEV, FEAH TEM K NTA
XS EN SEV BT %% . TEM 458 oK%, sEV 2
WA BRRR S50, L E AR R 30~150 nm (& 1A) .
NTA Z5 B B, KEB4»sEV HARTE 52~116 nm 22 [i]
HEH BMSC R IE 4 sEV WA B ¥ —1 (K1B).

2.2 W ARSI

1 6 FLAH M 5% T4 4 il 4 7.5%10° A4S /L T 1.5
100441 Y %5 B2 32 b RAW264.7 401, IFi5%S ik
A, 38 L S P SR AN [ sF [ s T A A TR A S
GRS GRRW], ARG (1.5x10°4L),
8 d I AL 2 HLAT 224~ A0 M A i S A e B At . (T8
2A); PR EERARET (7.5%10° 7 /4L), RAW264.7
MAESS S H =28 T Zanifml & i nk S 40ie, 7656
8 HIRF = T o 2 BT AL S A i i it , JFReTE
151 200 e P ORI 2 T 2 (4 A% (1 2B) . TRAP %t
R R, R % T I RAW264.7 21 il I W
I3 A LMK 2 g i (B12C); BAR
R (1 RAW264.7 20 il fil 5 T8 1L 1 22118 A L
Haanp S A, R el e Eaea (B
2D) o M 2 B A M T S 00 R T K B
(7.5x10°4~/4L) Flie
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Note: A. The typical morphology of sEVs in a TEM image (x20 000). B. The result and a typical image of NTA.

1 @i TEM B NTAXf BMSC SRR sEV B4
Fig 1 Identification of sEVs from BMSCs by TEM and NTA
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Note: A/B. The RAW264.7 cells were seeded at a high density (1.5%10° per well, A) and a low density (7.5%10° per well, B) and the formation of osteoclasts
was observed at different time-points (x40). C/D. The results of TRAP staining of the cells seeded at a high density (C) and a low density (D) (x40).

? BEWBAMAULR TRAPREER
Fig 2 Formation of osteoclasts and the results of TRAP staining
2.3 SEV PHEERETT AN 5 1k

75 RAW264.7 211l [ i #4004k, I D %t
ML M SEV 2. 1E55 8 H ZE4T TRAP J 4 J L £ 36 ik
et TRAPYLALRWoR, X IR P i 1 KAk
AN, MR sEV ALHIE B 2 0 A i
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WA, MRBN (B13) . RERKY L5 R FF
R, MIRAUE N TR Z MM E 4, B A H i
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2 e 1) 0 40 A
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Note: A. The control group. B. The sEV group.
B3 2A4MEHE A LEH TRAPFRBLER (x40)

Fig3 TRAP staining results of two groups of cells differentiated into osteoclasts (x40)

Phalloidin

Phalloidin

Note: A. The control group. B. The sEV group.
B4 2840 EHEMENMLEHRERRPBLER (x40)

DAPI

DAPI

400 pum

400 pm

Fig 4 Phalloidin staining results of two groups of cells differentiated into osteoclasts (x40)

CTSK . CREB I c-Jun et i 40 Mo MR s 3h
FE[R 2800 St E i PCRAGIINZE SR (K15) B,
sEV 41 ) CREB mRNA % ik & J2& X 41 1 (80.6+
6.4) %, CTSK mRNA ik b Xf 41/ (34.2+
0.9) %, c-Jun mRNAFKIRFEX LN (37.3+0.8) %,
2SR EA G FE L (B P<0.05), 455U, sEV
AT LA S 8 240 B T S BB DG PR ) 2R3
2.4 SEV # EEAN AL
¥ RAW264.7 40 it 53 51175 5 M1 RS K& M2 B L5
Y. WA A B s A4l fEhS R,
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M1 B v 40 A5 3 9 CD86 7E % 8 4 | rh i 5k
(67.0%), 7EsEV A HRIXWIE T (143%, #6);
M2 [ 40 i bR 25 ) CD206 78 X IR 41, Hh ik £ 35
(51.0%), fEsEVA,hREmEmEE (70.1%, K7).
5RUCHT, sEV AT LUl RAW264.7 41 i 1) M1 B E
WA A Ak, f I ) M2 TR I A AR Ak

2.5 SEV SEZR/N Bl USRS B 1 AL K

FI 76 Ykl DIR bRid sEV, Rkt 415 24 h
BN EES 28, TR /N 3 W 1 1R B 15 2 Gk
sEV it . g as R (K18) Win, sEVAI/NR
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0.5
@

Relative expression level of ¢c-Jun

Control group sEV group

Note: "P=0.011, 2P=0.000, compared with the control group.
5

Control group sEV group

Control group sEV group

FEEE PCRIE T 2 28 40 B 5 7 B 4 B 2314 )5 9 CREB (A). CTSK (B)5 c-Jun (C)# mRNA 7k F

Fig5 mRNA levels of CREB (A), CTSK (B) and c¢-Jun (C) detected by qPCR after the cells differentiated into osteoclasts in the two groups

Blank group, Control group, sEV group;
600 - 0 600 67.0% 600 |- 14.3%
e
£ 400 £ 400 [ 5400
o o @)
& &
|
200 - 200 m 200} ’
: /
L i L L L L /M L b L L 0 L . L L
102 100 10 10° 10° 102 10° 10* 10° 10° 10> 10° 10t 10° 10°
CD86-PC5.5 CD86-PC5.5 CD86-PC5.5
6 BRI M1 B E KR4 B AR (CD86) Rk K F
Fig 6 Expression level of M1 macrophage marker (CD86) detected by flow cytometry
Blank group, Control group, sEV group,
1200 1200 1200
0.03% 51.0% 70.1%
900 900 900 -
€ = =
2 600 - 2 600 g 600
@] O O
300 300 300
. . N ol M N . M. .
10°  10°  10* 10° 10° 10° 10 10* 10° 10° 102 10° 10 10° 10°
CD206-APC CD206-APC CD206-APC

&7

TR M2 B B IR APEARERY (CD206) R ik K F

Fig 7 Expression level of M2 macrophage marker (CD206) detected by flow cytometry

BN T BB 8 TP A7 DIRFRICHY sEV, £ sEV 7]
DA /N B AR

FEST B A E /N BB AR, 12 JR] I HORE A 5
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Note: A. The live imaging of the spines (left: the control group; right: the sEV group). B. The live imaging of the femurs and the tibias (left: the control group;
right: the SEV group).
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Fig 8 Observation of sEVs distribution in mouse bones by living imaging
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Fig 9 Micro-CT imaging analysis and bone parameters of the osteoporosis mice and the sEV-intervened mice
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Fig 10 TRAP staining images of the osteoporosis mice and the sEV-intervened mice
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