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Abstract Transplantation of stem cells and their derived cells brings hopes for cardiac repair following
myocardial infarction. Mechanically, these protective effects are mainly mediated by the paracrine effect.

Accumulated evidences show that various stem cell-derived exosomes are important vehicles for delivering specific

K BRI AES: 81520108004, 81470422)  Hfv [FIA} 2 et B HL Al L e ™ e Wi 78 S B 12 T H (HEHE 5 XDA1601020 1) A1 [H 5 F b A
THRIL U0 H (HHES: 2017YFA 0103700, 2016YFC1301204) %% Bl )i 81

*EWAEE . Tel: 021-54923281, E-mail: htyang@sibs.ac.cn

This work was supported by the National Natural Science Foundation of China (Grant No.81520108004, 81470422), the Strategic Priority Research Program of
the Chinese Academy of Sciences (Grant No.XDA16010201) and National Key Research and Development Program of China (Grant No.2017YFA 0103700)
*Corresponding author. Tel: +86-21-54923281, E-mail: htyang@sibs.ac.cn

X 2 HH i) ) 2019-01-17 16:41:03 URL: http://kns.cnki.net/kcms/detail/31.2035.Q.20190117.1640.010.html



SR Y S FAT AR A SN AR o URE SRS 13 48 52 Hh B 2199

substances and messages to target cells in the heart. These exosomes and their contents, such as certain proteins

and small RNAs, can improve cardiac function of ischemic hearts and promote healing processes of infarcted

hearts. Therefore, stem cell-derived exosomes might become a promising therapeutic agent for ischemic heart

disease. In this review, we summarized current research progress in the exosomes secreted by stem cells and

their derived cells on the repair of infarcted hearts, with a focus on the formation, characteristics, compositions,

functions and mechanisms of exosomes secreted from adult stem cells and pluripotent stem cells as well as their

derived cells, and discussed the potential and challenges for the translational applications of the exosomes in

myocardial repair.
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Table 1 Comparison of isolation methods for exosomes

I BTk PR

Isolation methods Advantages

AT

Disadvantages

Ultracentrifugation

Gradient centrifugation Very high purity

Coprecipitation User-friendly
Size-exclusion chromatography High purity
Immunomagnetic bead separation High purity

Current gold standard, high purity

Complicated process, time-consuming,
Complicated process

Low purity

Complicated process

Complicated process, low
Recovery
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Fig.1 The biogenesis and composition of exosomes
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Fig.2 Schematic diagram of various stem cell exosomes repairing myocardial infarction

B A O DhRe ORI E IS, 5541 B #% HE VA T AH
bb, Hh A AT T S 40 B RS 1 5 | R ) 7 oAk, kb f
e R, HAMBAR BA 5 T A7 s i s
I, 40 1 23 A R A A F T A 2R B A48 21 AT g
PEGIEE T AT OGTE, 8 40 i >R 5 i A i A 2
AR A IS B A B SO H A 15 T A

TC 18 R AR T 40 A i SE PSCs fo AT A= 241 g A1 s
A B /R FIALE B 7T, R 22 BT A IAMA I RNA
By, JCHEmIRNAS, T 4R 8 [ 5 1 e 5
b, G — P IR R B . &R T4 M AN AR 0
LRGP LR 4 B2 B
4.1 FRIKTFHHREINBAR

FSCAAS T 28 B ) A A A A 9 3 B A AE TR 78
TR TR A5 T T . 20114F, Sahoo®5 VA H,
NN I KR FICD34 41 il 734 1) A AR E AR A1
AAA o 351 B A R I 78 A R ) IS . AR R T R 2
ISR AN A R A T3 7 1 I A8 AR ) 55 0 WA RS 1)
AR 20144F, Wang 25U ik 1k fH ik
pS3 F I TS 5 A& T A 1 i 988 PR 2K IR - 52 44
#H 2% Al F-6(TNF receptor-associated factor 6, TRAF6)
S #% R ¥ -xB(nuclear factor kappa-light-chain-
enhancer of activated B cells, NF-xB) i R0 AL
G52 B L/ R (VR I miR- 1254775 T # BEMSC
Gy b B AN IR R SR, i R IAGATA-41) & Hi
MSCsiffi i 73 WA (1) 40 A A 7 1 22 FrmiRN A s #1128 Ffd
P, T A O IE CR I DI REDY . 1 R IACXCR4AH]
‘B BEMSCs A i 4438 1 Aktif 42 47 37 81 48 1 0 iE )
JFE AT MSCs 7MiM [RIFE B A O IR 37 D REHT, - Hol

JECRAF 1 F L 08 i 22 16 22 A0 i A4 o () miRN A,
WmiR-223"", miR-215"77 miR-2108",

CPCsi# it H W i EVs ) miR-210. miR-
132, miR-146a-3p#ifil-Co LA HRIE 12, et O U AT
JE O DIRERY. 20144F, Gray&5F gk — 0 HIC A b 3
[FJCPCs 4y WA 1) 71 WA AR 3E 4T T miRNAs 1) 51 8 & 7
M, RILT — KA 5 ME B A IR EE
B (miRNAs. Xiao%5:E2% ¥, CPCsif i miR-21#(
M PDCD-44H O WLAN AR T~ 55 K )L fICPCs
AMILRFREL, Sk B HT A )L CPCsAh b B AT 5 54 1)
o0 O T Th BE 5 2 I A T A kb £ 4R AR AR
FHE, a0 I 20 23 K I A O AL T A 400 A 368 3 0 T 4
EMMPRINZE (A e #E M5 A5, 20134F, FengZ5*)
RIL, PR T AT M0 Sca- 14 M A7 35, i 4t
WA A 5 (HSF 1/miR-34a/HSP703: 42 12 3k Bk ifi 1%
O L2 M A7 o e s 38 & 50 A, Barile S8R I,
CPCHM & HHPAPP-ATE H A1 FIGF- VRS JEUK 75 0 i
R ThRE.

20144F, IbrahimZ557 % B, CDCs%y Wh (K] 4h i
A 32 38 1 miR-146afE /) BRI S R 4 0 JUL A
SEARE R RO R . 1% BN S5 2t 9T K B, CDCs4h
AR T AL B Y il 2T S A4 B T 0 ) £ Ak 4
T2 I 2 I 5 A2, CDCsHMB A &Y RNA
Jr B, AT 4/ 22-10(interleukin 10, IL-10)
FIE, AR SRR I/ R rh RO I OR A D e
CDCs#h s 14 FsmiR-18 10 3] F W 41 g v, B&AG
PKC3# 3 /K F, /&CDCsPR 4 F 3 v J5 0 LI A
FAFEREP, M6 Ak, AHRGEFR, CDCsHM bR BA hi



2204

ik

Z YRR,

5 [E 74 4% 11 I 2 e i Marbanfiff 73 2H 537 K 5
Vg O WU FEARE L R JF JE T CDCs M A PR I HF 52,
R B WL 7 S CDCs A1 A 7 AT ek 20 4 -0 ULAE ST I8
I, A1) s B 4 O R 5 o U AR JS O T R
4.2 ZEETHHRAINLA

20154, Khan®50% 3, /N BVE G 48 B A7 A4
FR) AN s A ELAT B 38 15 A8 O I Th RE IO BE 7, 232k i
EHEL O LGN A S R D B BE S AT 4R L.
Ab, FEVE S A0 WA A J5 8 JE 1Y Aille-kit" CPCsA7 ¥ 1
B - miR290-2951% 1] BE 2 O I LR Th g (147 o S ik
AdamiakZEC LR T /N BRIPSCs A H 43 WA R, R
BLiPSC-EVs EL AT B 4 (1) O AR 3 Th Bk, Ho2e 4 bE
1510 1HAG FEPSCsF3 ik HI A NI BRI 78 T8 AR 5 4 /D,
LA R AR B 2 A A e idt— 20 B
4.3 ZEeTHHRRNTE 4RI IR

20104F, LaiZ5B4F] FHHhESCs /3L IMSCs 7334 )
AN R BT e i SR /A2 E T AR S RE . 3L
VE AL B o508 B 40 B R ATP /K P, FRAR 0 B
B, WS PIBK/AKIR Y, hESCs/3 4k K]0 BT Hi 1441
J 530 Y BV STE O LA B J 40 368 458 730 o ke 380 fR 00
AE AR89, LeeS5 R 41 LL 4 T hESCsFThiPSCs
SRR 1Y 0o FUL AT PR 5 3 1) A0 A A& FIRNA K 43, I B
UCARIE T hPSC-Co JULZH g A1 WA 4% (1) 40 JIE R4 1
LiuZ5M hiPSCs K I8 [IEVs AThiPSCs 43 1L 1 o0 L
B 23 1 RV E V s A, 285 13 7 e J G Py v 4 e 381K B
WU ALY, S5hiPSCsRKIEMIEVsHH L, hiPSCs4r 4k
()0 LA 3 WA RV E Vs 5 2 B 07 (100 JUE T B 2 5 1
FH o XA BT I miRNAs 2> #73iE 52, 5hiPSCs
FRIRHIEVSHH L, hiPSCs 7 A6 1L LA L 73 WA IR EV's
HUE A I miRNAs B 2 Hh 2 2 5 $0 i) O I 453495 AR
Ko
4.4 TFHEPERETEMBINDAOIETRIEEIE
Rk

BRI RN, 28T 40 M R AT AR
Mok 2 B LRI E/E R, (BB E/EH
AR TE, W B3 L AT (9 25 B4 i 8D
A ERSY, B, B OB IR R T
TR B AE S5 J7 1R VR 2 1 200 M o 3 0 WA AT 2 A1 A AR,
T3 5 O LB AEAE BAE R . 14, Feng S5k
B, FAR T AT 03 Sea- 1 A L (9 4735, FEiE b ik
&£ 5 BUHSF1/miR-34a/HSP7034 42 42 #F S ifit ¥

WLAH B A7 - Gray %1856 I 44 A 22 1 CPCs 73 WA 1)
AR AR EEAT T miRNAsH Sl & 04, KIL— R 751
Z: 5 Rk M8 B A AR IR TR B miRNAs %73
%, i KIEGATA-4"BLCXCRA™I) H #EMSCs
i FLAM AR O I OR AP D RE . Ae] 1A 45  4H i
4 B A B EAE RSN AE BT b T VP IR R
B B, 31X B 7T AT IR R o Il R A AL B B
HIEE X

5 FHBasN L AEIEE (LR

A0 WA A A I 1Y) A T N A S H AT R AR A
PR T, BRSPS S Wi Ra T - 19874, MR
JETE 7L AN X 2R 2140 b 4t 58 ok, BL$112007
5E, AMIAER A S I mRNAsFImiRNAs ) % % 4 4% i
SE U B IAD I8 AR SZ e R AL . IR A2, — &
G FEIE S GG I, TE R T — AN SR A A
K= HARFIIRS AT 12 W N E TR
BT, 56 [ AR A2 W A mIHEH T 2 5K TSl ik
AR AT AL = 5, A0 F 51 g 7 112 Wi A0 i e
TRAE . VR IT WAL N IR R B S, e fE
TEREALFE O NUEFEAE P R K S A T A L /N IASE
Il RIS AR R

A WAAA R A 3 BT I R RAR 47 9 £ B 4
PRIk REME LU IZ AR AR T [ 1 R
PSR, BT ] A, 7N G IETE TR R
HMIAMA IR T A S, T S AR R R 2 T e A e
Il R GMPANAA . 31X S35 Je = J5 I A 2% ()4
JHL ) R RS 7% (2) /M IA PR 1) KRB B H; (3) )5 i
Pl

K I 7y B R 7 T 2 B 9 LR N 4. An-
driolo®§12 4 T & T CPCHY G 57 Y8 M KO AR 8% 77
5T ANBEA A . Tl A IEAE 2R AR A A e
ToPR E I PR ZMSCs, 14 Ay S A 72 BT 75 1K
Sl R S S R S R SN SN /N
Gy WA AN A PR B R/ L R RIS A = IR 1 i), e
EMDimune 2 ] f# F 2 37 1) % Hi R B8 A0 itk
ATH0 AR 7= LE R SR 23 A IR A i A 22 Y 10045 (1 N i
CARAZ LN

JR RSB K T T (1)V5 Sk 20 i PRy S5 B 4 1
Q)IMBFEI I R B 5, YRSk AN R R E
A BR A T A 1 S R bR o o 0 LR A Y B
Ty 5 52, WIMSCsI5E AN B, AN [F] S50 2 8 H



SR Y S FAT AR A SN AR o URE SRS 13 48 52 Hh B

2205

A T AR FAEMSCs®”, 3X 45 AR A2 7 I
EEHH R A, ANFEEARS A F &4 T 4
Ja 530 BRI AN AR RV REPE AN [F), MRS R, iR T
Y1 A A B SR A R LB A . DU 4R S
FRIS81, (R, 8 S AN [R] T 40 B 2 AN [R] 35 77 2%
A (R AU AR 14D B 4 ) A v A A/ A AR A 72 I o
) Al

FE ST AR HE R B AR AR R R R AR k. 4
4, KalluriZEWEJCI Insighti1 P) B & % &, iR
TGRSR A P2 A IR o ZIF AR T
K FI GMPHR 1 1) 52 T 25 9 S 97 25 1 R FIUASE I IR 2%
SN A =TT . AL T AR E AR LA P B
DiRe ) TR M . E 2 ARG RAR N B 5T
iE T IR HGMPAMB A I Th e, % LAEIBIRA T
X PRI R AR R A AR . RN AT BRI
FEAE DA R 5 A0S TR A5 B I Th . ()0 I 5 10 o
Andriolo% PSR I & T A2 IR 9T N H IFIGMP
PN AT M A AR o X Ee 2D ER 2R N GMP A ik
PR EIIG RIS G S T At (2)isfii A7 /7 - Kal-
luri&EC ST AR AR 7 I GMPZRL A A A £ -80 °C
TRAF6N H, 4 °CEUE I 2 F T PR A72 K 1M Th eV 1
ANZZFWR T Q)R JT . Vandergriff
000 g Oy I VS B KK CDCs 40 i A 8 1) 1 45 BT 7
O E, 7T S GO TR A A AR . {2
290 396 B R I A . A, AR B R
Bk — g E . LinfFMGiCM-EVsH 3 78 3 T ik
JEE B 7K SR R UG R RT DA 23 F- RR SR KRR I 2 S
BT . %7V I Ik S5 R i A K AR
P SR ok 3% B S B AT . ()RR & 7 T -
CDCsHM A IE AL T 1l R B - & B B - Capricor A
A — S 1 R N B A R A =D, 0 IE S
At 7 5 T R AE IR T 1. 20164F, A
FARTE R E % A7 AT 5 B (National Institutes
of Health, NIH) 115420 /5 & o i 5 & 2%, T JF
RARIT Ie. K B A LA L CAP-200377 i (CDCs
G () —Filr) o

BT T 40 M B AT AR A i O LR 1 18 R I
FAR R T 5555 WAL HI LR S Fs = AR, 4k
WMALEAR KA A 1 40 i O LR AME 1
SO UAEFH o X AN AR RN SRR AT PR 2R
RO IS P 6 250 170) R () SR A, A A AR AT R R
J& O WUE S il 7)o

SE Tk (References)
BRAR, miE R, X4, RSB, T30, FME, 55 ChEO I
IR 20160 MEEL. A [E 953 4% £ [Chen Weiwei, Gao Run-
lin, Liu Lisheng, Zhu Manlu, Wang Wen, Wang Yongjun, et al.
Report on cardiovascular diseases in China (2016)]. Chinese Circ
J.2017; 32(6): 521-30.
Ye L, Chang YH, Xiong Q, Zhang P, Zhang L, Somasundaram
P, et al. Cardiac repair in a porcine model of acute myocardial
infarction with human induced pluripotent stem cell-derived
cardiovascular cells. Cell Stem Cell 2014; 15(6): 750-61.
Matsa E, Sallam K, Wu JC. Cardiac stem cell biology: glimpse
of the past, present, and future. Circ Res 2014; 114 (1): 21-7.
Zhu K, Wu Q, Ni C, Zhang P, Zhong Z, Wu Y, et al. Lack of
remuscularization following transplantation of human embryonic
stem cell-derived cardiovascular progenitor cells in infarcted
nonhuman primates. Circ Res 2018; 122(7): 958-69.
Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, et
al. Paracrine action accounts for marked protection of ischemic
heart by Akt-modified mesenchymal stem cells. Nat Med 2005;
11(4): 367-8.
Sahoo S, Klychko E, Thorne T, Misener S, Schultz KM, Millay
M, et al. Exosomes from human CD34" stem cells mediate their
proangiogenic paracrine activity. Circ Res 2011; 109(7): 724-8.
Sultana N, Zhang L, Yan J, Chen J, Cai W, Razzaque S, et al.
Resident c-kit" cells in the heart are not cardiac stem cells. Nat
Commun 2015; 6: 8701.
Li Y, He L, Huang X, Issa Bhaloo S, Zhao H, Zhang S, et al.
Genetic lineage tracing of non-myocyte population by dual
recombinases. Circulation 2018; 138(8): 793-805.
Maliken BD, Molkentin JD. Undeniable vidence That the adult
mammalian heart lacks an endogenous regenerative stem cell.
Circulation 2018; 138(8): 806-8.
Blin G, Nury D, Stefanovic S, Neri T, Guillevic O, Brinon
B, et al. A purified population of multipotent cardiovascular
progenitors derived from primate pluripotent stem cells engrafts
in postmyocardial infarcted nonhuman primates. J Clin Invest
2010; 120(4): 1125-39.
Cao N, Liang H, Huang J, Wang J, Chen Y, Chen Z, et al. Highly
efficient induction and long-term maintenance of multipotent
cardiovascular progenitors from human pluripotent stem cells
under defined conditions. Cell Res 2013; 23(9): 1119-32.
Birket MJ, Mummery CL. Pluripotent stem cell derived cardio-
vascular progenitors— A developmental perspective. Dev Biol
2015; 400(2):169-79.
Mummery CL, Zhang J, Ng ES, Elliott DA, Elefanty AG, Kamp
TJ. Differentiation of human embryonic stem cells and induced
pluripotent stem cells to cardiomyocytes: a methods overview.
Circ Res 2012; 111(3): 344-58.
Patsch C, Challet-Meylan L, Thoma EC, Urich E, Heckel T,
O’Sullivan JF, et al. Generation of vascular endothelial and
smooth muscle cells from human pluripotent stem cells. Nat Cell
Biol 2015; 17(8): 994-1003.
Zhang J, Chu LF, Hou Z, Schwartz MP, Hacker T, Vickerman V,
et al. Functional characterization of human pluripotent stem cell-
derived arterial endothelial cells. Proc Natl Acad Sci USA 2017;
114(30): E6072-E8.
Segers VF, Lee RT. Stem-cell therapy for cardiac disease. Nature



2206

ik

20

21

22

23

24

25

26

27

28

29

30

2008; 451(7181): 937-42.

Miller LW. Trial of embryonic stem cell-derived cardiac progeni-
tor cells. J Am Coll Cardiol 2018; 71(4): 439-42.

Menasché P, Vanneaux V, Hagege A, Bel A, Cholley B, Par-
ouchev A, et al. Transplantation of human embryonic stem cell —
derived cardiovascular progenitors for severe ischemic left ven-
tricular dysfunction. J Am Coll Cardiol 2018; 71(4): 429-38.
Menasche P, Vanneaux V, Hagege A, Bel A, Cholley B,
Cacciapuoti I, et al. Human embryonic stem cell-derived cardiac
progenitors for severe heart failure treatment: first clinical case
report. Eur Heart J 2015; 36(30): 2011-7.

Liu ML, Nagai T, Tokunaga M, Iwanaga K, Matsuura K, Taka-
hashi T, et al. Anti-inflammatory peptides from cardiac progeni-
tors ameliorate dysfunction after myocardial infarction. ] Am
Heart Assoc 2014; 3(6): e001101.

Karantalis V, Hare JM. Use of mesenchymal stem cells for
therapy of cardiac disease. Circ Res 2015; 116(8): 1413-30.
Zwetsloot PP, Vegh AM, Jansen of Lorkeers SJ, van Hout
GP, Currie GL, Sena ES, et al. Cardiac stem cell treatment in
myocardial infarction: a systematic review and meta-analysis of
preclinical studies. Circ Res 2016; 118(8): 1223-32.

Bolli R, Tang XL, Sanganalmath SK, Rimoldi O, Mosna F,
Abdel-Latif A, ef al. Intracoronary delivery of autologous cardiac
stem cells improves cardiac function in a porcine model of
chronic ischemic cardiomyopathy. Circulation 2013; 128(2): 122-
31.

Lee ST, White AJ, Matsushita S, Malliaras K, Steenbergen
C, Zhang Y, et al. Intramyocardial injection of autologous
cardiospheres or cardiosphere-derived cells preserves function
and minimizes adverse ventricular remodeling in pigs with heart
failure post-myocardial infarction. J Am Coll Cardiol 2011;
57(4): 455-65.

Hu X, Xu'Y, Zhong Z, Wu 'Y, Zhao J, Wang Y, et al. A large-scale
investigation of hypoxia-preconditioned allogeneic mesenchymal
stem cells for myocardial repair in nonhuman primates: paracrine
activity without remuscularization. Circ Res 2016; 118(6): 970-
83.

Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE,
Berman D, et al. Intracoronary cardiosphere-derived cells for
heart regeneration after myocardial infarction (CADUCEUS): a
prospective, randomised phase 1 trial. Lancet 2012; 379(9819):
895-904.

Kanelidis AJ, Premer C, Lopez J, Balkan W, Hare JM. Route
of delivery modulates the efficacy of mesenchymal stem cell
therapy for myocardial infarction: a meta-analysis of preclinical
studies and clinical trials. Circ Res 2017; 120(7): 1139-50.
Mauritz C, Martens A, Rojas SV, Schnick T, Rathert C, Schecker
N, et al. Induced pluripotent stem cell (iPSC)-derived Flk-1
progenitor cells engraft, differentiate, and improve heart function
in a mouse model of acute myocardial infarction. Eur Heart J
2011; 32(21): 2634-41.

Bu L, Jiang X, Martin-Puig S, Caron L, Zhu S, Shao Y, et al.
Human ISL1 heart progenitors generate diverse multipotent
cardiovascular cell lineages. Nature 2009; 460(7251): 113-7.
Laflamme MA, Chen KY, Naumova AV, Muskheli V, Fugate
JA, Dupras SK, et al. Cardiomyocytes derived from human

embryonic stem cells in pro-survival factors enhance function of

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

infarcted rat hearts. Nat Biotechnol 2007; 25(9): 1015-24.

Shiba Y, Fernandes S, Zhu WZ, Filice D, Muskheli V, Kim
J, et al. Human ES-cell-derived cardiomyocytes electrically
couple and suppress arrhythmias in injured hearts. Nature 2012;
489(7415): 322-5.

Kawamura M, Miyagawa S, Fukushima S, Saito A, Miki K,
Ito E, et al. Enhanced survival of transplanted human induced
pluripotent stem cell-derived cardiomyocytes by the combination
of cell sheets with the pedicled omental flap technique in a
porcine heart. Circulation 2013; 128(11 Suppl 1): S87-94.

Gao L, Kupfer ME, Jung JP, Yang L, Zhang P, Da Sie Y, et al.
Myocardial tissue engineering with cells derived from human-
induced pluripotent stem cells and a native-like, high-resolution,
3-dimensionally printed scaffold. Circ Res 2017; 120(8): 1318-
25.

Chong JJ, Yang X, Don CW, Minami E, Liu YW, Weyers JJ, et al.
Human embryonic-stem-cell-derived cardiomyocytes regenerate
non-human primate hearts. Nature 2014; 510(7504): 273-7.
Shiba Y, Gomibuchi T, Seto T, Wada Y, Ichimura H, Tanaka Y, et
al. Allogeneic transplantation of iPS cell-derived cardiomyocytes
regenerates primate hearts. Nature 2016; 538(7625): 388-91.

Liu YW, Chen B, Yang X, Fugate JA, Kalucki FA, Futakuchi-
Tsuchida A, et al. Human embryonic stem cell-derived
cardiomyocytes restore function in infarcted hearts of non-human
primates. Nat Biotechnol 2018; 36(7): 597-605.

Ranganath SH, Levy O, Inamdar MS, Karp JM. Harnessing
the mesenchymal stem cell secretome for the treatment of
cardiovascular disease. Cell Stem Cell 2012; 10(3): 244-58.
Sharma S, Mishra R, Bigham GE, Wehman B, Khan MM, Xu H,
et al. A deep proteome analysis identifies the complete secretome
as the functional unit of human cardiac progenitor cells. Circ Res
2016; 120(5): 816-34.

Barile L, Moccetti T, Marban E, Vassalli G. Roles of exosomes in
cardioprotection. Eur Heart J 2016; 38(18): 1372-9.

van Niel G, D’Angelo G, Raposo G. Shedding light on the cell
biology of extracellular vesicles. Nat Rev Mol Cell Biol 2018;
19(4): 213-28.

Colombo M, Raposo G, Thery C. Biogenesis, secretion, and
intercellular interactions of exosomes and other extracellular
vesicles. Annu Rev Cell Dev Biol 2014; 30: 255-89.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes,
microvesicles, and friends. J Cell Biol 2013; 200(4): 373-83.
Sahoo S, Losordo DW. Exosomes and cardiac repair after
myocardial infarction. Circ Res 2014; 114(2): 333-44.

Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C.
Vesicle formation during reticulocyte maturation. Association of
plasma membrane activities with released vesicles (exosomes). J
Biol Chem 1987; 262(19): 9412-20.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall
JO. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat Cell
Biol 2007; 9(6): 654-9.

Stoorvogel W, Kleijmeer MJ, Geuze HJ, Raposo G. The
biogenesis and functions of exosomes. Traffic 2002; 3(5): 321-
30.

Thery C, Zitvogel L, Amigorena S. Exosomes: composition,
biogenesis and function. Nat Rev Immunol 2002; 2(8): 569-79.



SR Y S FAT AR A SN AR o URE SRS 13 48 52 Hh B

2207

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Ageta H, Ageta-Ishihara N, Hitachi K, Karayel O, Onouchi
T, Yamaguchi H, ef al. UBL3 modification influences protein
sorting to small extracellular vesicles. Nat Commun 2018; 9(1):
3936.

Akers JC, Gonda D, Kim R, Carter BS, Chen CC. Biogenesis of
extracellular vesicles (EV): exosomes, microvesicles, retrovirus-
like vesicles, and apoptotic bodies. J Neurooncol 2013; 113(1):
1-11.

Thery C, Amigorena S, Raposo G, Clayton A. Isolation and
characterization of exosomes from cell culture supernatants and
biological fluids. Curr Protoc Cell Biol 2006; Chapter 3: Unit 3
22.

Zeringer E, Barta T, Li M, Vlassov AV. Strategies for isolation of
exosomes. Cold Spring Harb Protoc 2015; 2015(4): 319-23.

Shao H, Im H, Castro CM, Breakefield X, Weissleder R, Lee H.
New rechnologies for analysis of extracellular vesicles. Chem
Rev 2018; 118(4): 1917-50.

Gallet R, Dawkins J, Valle J, Simsolo E, de Couto G, Middleton
R, et al. Exosomes secreted by cardiosphere-derived cells reduce
scarring, attenuate adverse remodelling, and improve function
in acute and chronic porcine myocardial infarction. Eur Heart J
2017;38(3): 201-11.

Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, et
al. Exosome secreted by MSC reduces myocardial ischemia/
reperfusion injury. Stem Cell Res 2010; 4(3): 214-22.

Yoo CE, Kim G, Kim M, Park D, Kang HJ, Lee M, et al. A direct
extraction method for microRNAs from exosomes captured by
immunoaffinity beads. Anal Biochem 2012; 431(2): 96-8.
Simpson RJ, Jensen SS, Lim JW. Proteomic profiling of
exosomes: current perspectives. Proteomics 2008; 8(19): 4083-
99.

Mayourian J, Ceholski DK, Gorski P, Mathiyalagan P, Murphy
JF, Salazar SI, et al. Exosomal microRNA-21-5p mediates
mesenchymal stem cell paracrine effects on human cardiac tissue
contractility. Circ Res 2018; 122(7): 933-44.

Xiao C, Wang K, Xu Y, Hu H, Zhang N, Wang Y, et al.
Transplanted mesenchymal stem cells reduce autophagic flux in
infarcted hearts via the exosomal transfer of mir-125b. Circ Res
2018; 123(5):564-578.

Sukma Dewi I, Celik S, Karlsson A, Hollander Z, Lam K,
McManus JW, et al. Exosomal miR-142-3p is increased during
cardiac allograft rejection and augments vascular permeability
through down-regulation of endothelial RABI1FIP2 expression.
Cardiovasc Res 2017; 113(5): 440-52.

Yellon DM, Davidson SM. Exosomes: nanoparticles involved in
cardioprotection? Circ Res 2014; 114(2): 325-32.

Vicencio JM, Yellon DM, Sivaraman V, Das D, Boi-Doku C,
Arjun S, et al. Plasma exosomes protect the myocardium from
ischemia-reperfusion injury. ] Am Coll Cardiol 2015; 65(15):
1525-36.

Schorey JS, Bhatnagar S. Exosome function: from tumor
immunology to pathogen biology. Traffic 2008; 9(6): 871-81.
Gray WD, French KM, Ghosh-Choudhary SK, Maxwell JT,
Brown ME, Platt MO, et al. Identification of therapeutic
covariant microRNA clusters in hypoxia treated cardiac
progenitor cell exosomes using systems biology. Circ Res 2014;
116(2): 255-63.

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding
CV, Melief CJ, et al. B lymphocytes secrete antigen-presenting
vesicles. J Exp Med 1996; 183(3): 1161-72.

O’Driscoll L. Expanding on exosomes and ectosomes in cancer.
N Engl J Med 2015; 372(24): 2359-62.

Khan M, Nickoloff E, Abramova T, Johnson J, Verma SK,
Krishnamurthy P, et al. Embryonic stem cell-derived exosomes
promote endogenous repair mechanisms and enhance cardiac
function following myocardial infarction. Circ Res 2015; 117(1):
52-64.

Adamiak M, Cheng G, Bobis-Wozowicz S, Zhao L, Kedracka-
Krok S, Samanta A, et al. Induced pluripotent stem cell (iPSC)-
derived extracellular vesicles are safer and more effective for
cardiac repair than iPSCs. Circ Res 2017; 122(2): 296-309.

El Harane N, Kervadec A, Bellamy V, Pidial L, Neametalla
HJ, Perier MC, et al. Acellular therapeutic approach for heart
failure: in vitro production of extracellular vesicles from human
cardiovascular progenitors. Eur Heart J 2018; 39(20): 1835-47.
Liu B, Lee BW, Nakanishi K, Villasante A, Williamson R, Metz
J, et al. Cardiac recovery via extended cell-free delivery of
extracellular vesicles secreted by cardiomyocytes derived from
induced pluripotent stem cells. Nat Biomed Eng 2018; 2(5): 293-
303.

Jung JH, Fu X, Yang PC. Exosomes generated from iPSC-
derivatives: new direction for stem cell therapy in human heart
diseases. Circ Res 2017; 120(2): 407-17.

Wang X, Ha T, Zou J, Ren D, Liu L, Zhang X, et al. MicroRNA-
125b protects against myocardial ischaemia/reperfusion injury
via targeting p53-mediated apoptotic signalling and TRAF6.
Cardiovasc Res 2014; 102(3): 385-95.

Yu B, Kim HW, Gong M, Wang J, Millard RW, Wang Y, et al.
Exosomes secreted from GATA-4 overexpressing mesenchymal
stem cells serve as a reservoir of anti-apoptotic microRNAs for
cardioprotection. Int J Cardiol 2014; 182C: 349-60.

Kang K, Ma R, Cai W, Huang W, Paul C, Liang J, ef al.
Exosomes secreted from CXCR4 overexpressing mesenchymal
stem cells promote cardioprotection via Akt signaling pathway
following myocardial infarction. Stem Cells Int 2015; 2015:
659890.

Zhao Y, Sun X, Cao W, Ma J, Sun L, Qian H, ef al. Exosomes
derived from human umbilical cord mesenchymal stem cells
relieve acute myocardial ischemic injury. Stem Cells Int 2015;
2015: 761643.

Ma J, Zhao Y, Sun L, Sun X, Zhao X, Sun X, ef al. Exosomes
derived from Akt-modified human umbilical cord mesenchymal
stem cells improve cardiac regeneration and promote angiogenesis
via activating platelet-derived growth factor D. Stem Cells Transl
Med 2016; 6(1): 51-9.

Wang XL, Zhao YY, Sun L, Shi Y, Li ZQ, Zhao XD, et al.
Exosomes derived from human umbilical cord mesenchymal
stem cells improve myocardial repair via upregulation of Smad7.
Int J Mol Med 2018; 41(5): 3063-72.

Wang X, Gu H, Qin D, Yang L, Huang W, Essandoh K, et al.
Exosomal miR-223 contributes to mesenchymal stem cell-
elicited cardioprotection in polymicrobial sepsis. Sci Rep 2015; 5:
13721.

Wang K, Jiang Z, Webster KA, Chen J, Hu H, Zhou Y, et al.



2208

ik

79

80

81

82

83

84

85

86

87

88

89

Enhanced cardioprotection by human endometrium mesenchymal
stem cells driven by exosomal microrNA-21. Stem Cells Transl
Med 2017; 6(1): 209-22.

Shi B, Wang Y, Zhao R, Long X, Deng W, Wang Z. Bone marrow
mesenchymal stem cell-derived exosomal miR-21 protects C-kit+
cardiac stem cells from oxidative injury through the PTEN/PI3K/
Akt axis. PLoS One 2018; 13(2): e0191616.

Wang N, Chen C, Yang D, Liao Q, Luo H, Wang X, et al.
Mesenchymal stem cells-derived extracellular vesicles, via
miR-210, improve infarcted cardiac function by promotion
of angiogenesis. Biochim Biophys Acta Mol Basis Dis 2017;
1863(8): 2085-92.

Barile L, Lionetti V, Cervio E, Matteucci M, Gherghiceanu M,
Popescu LM, et al. Extracellular vesicles from human cardiac
progenitor cells inhibit cardiomyocyte apoptosis and improve
cardiac function after myocardial infarction. Cardiovasc Res
2014; 103(4): 530-41.

Xiao J, Pan Y, Li XH, Yang XY, Feng YL, Tan HH, et al. Cardiac
progenitor cell-derived exosomes prevent cardiomyocytes
apoptosis through exosomal miR-21 by targeting PDCD4. Cell
Death Dis 2016; 7(6): e2277.

Agarwal U, George A, Bhutani S, Ghosh-Choudhary S, Maxwell
JT, Brown ME, et al. Experimental, systems and computational
approaches to understanding the microRNA-mediated reparative
potential of cardiac progenitor cell-derived exosomes from
pediatric patients. Circ Res 2016; 120(4): 701-12.

Vrijsen KR, Maring JA, Chamuleau SA, Verhage V, Mol EA,
Deddens JC, et al. Exosomes from cardiomyocyte progenitor
cells and mesenchymal stem cells stimulate angiogenesis via
EMMPRIN. Adv Healthc Mater 2016; 5(19): 2555-65.

Feng Y, Huang W, Meng W, Jegga AG, Wang Y, Cai W, et al.
Heat shock improves Sca-17 stem cell survival and directs isch-
emic cardiomyocytes toward a prosurvival phenotype via exo-
somal transfer: a critical role for HSF1/miR-34a/HSP70 pathway.
Stem Cells 2014; 32(2): 462-72.

Barile L, Cervio E, Lionetti V, Milano G, Ciullo A, Biemmi
V, et al. Cardioprotection by cardiac progenitor cell-secreted
exosomes: role of pregnancy-associated plasma protein-A.
Cardiovasc Res 2018; 114(7): 992-1005.

Ibrahim AG-E, Cheng K, Marban E. Exosomes as critical agents
of cardiac regeneration triggered by cell therapy. Stem Cell
Reports 2014; 2(5): 606-19.

Tseliou E, Fouad J, Reich H, Slipczuk L, de Couto G, Aminzadeh
M, et al. Fibroblasts rendered antifibrotic, antiapoptotic, and
angiogenic by priming with cardiosphere-derived extracellular
membrane vesicles. ] Am Coll Cardiol 2015; 66(6): 599-611.
Cambier L, de Couto G, Ibrahim A, Echavez AK, Valle J, Liu
W, et al. Y RNA fragment in extracellular vesicles confers car-

90

91

92

93

94

95

96

97

98

99

100

dioprotection via modulation of IL-10 expression and secretion.
EMBO Mol Med 2017; 9(3): 337-52.

de Couto G, Gallet R, Cambier L, Jaghatspanyan E, Makkar
N, Dawkins JF, et al. Exosomal microRNA rransfer into
macrophages mediates cellular postconditioning. Circulation
2017; 136(2): 200-14.

Grigorian-Shamagian L, Liu W, Fereydooni S, Middleton RC,
Valle J, Cho JH, et al. Cardiac and systemic rejuvenation after
cardiosphere-derived cell therapy in senescent rats. Eur Heart J
2017; 38(39): 2957-67.

Arslan F, Lai RC, Smeets MB, Akeroyd L, Choo A, Aguor EN,
et al. Mesenchymal stem cell-derived exosomes increase ATP
levels, decrease oxidative stress and activate PI3K/Akt pathway
to enhance myocardial viability and prevent adverse remodel-
ing after myocardial ischemia/reperfusion injury. Stem Cell Res
2013; 10(3): 301-12.

Kervadec A, Bellamy V, El Harane N, Arakelian L, Vanneaux
V, Cacciapuoti I, et al. Cardiovascular progenitor-derived
extracellular vesicles recapitulate the beneficial effects of their
parent cells in the treatment of chronic heart failure. ] Heart Lung
Transplant 2016; 35(6): 795-807.

Lee WH, Chen W, Shao NY, Xiao D, Qin X, Baker N, et al.
Comparison of non-coding RNAs in exosomes and functional
efficacy of human embryonic stem cell- versus induced pluripo-
tent stem cell-derived cardiomyocytes. Stem Cells 2017; 35(10):
2138-49.

Andriolo G, Provasi E, Lo Cicero V, Brambilla A, Soncin S,
Torre T, et al. Exosomes from human cardiac progenitor cells
for therapeutic applications: development of a GMP-grade
manufacturing method. Front Physiol 2018; 9: 1169.

Jang SC, Kim OY, Yoon CM, Choi DS, Roh TY, Park J, et al.
Bioinspired exosome-mimetic nanovesicles for targeted delivery
of chemotherapeutics to malignant tumors. ACS Nano 2013;
7(9): 7698-710.

Sipp D, Robey PG, Turner L. Clear up this stem-cell mess.
Nature 2018; 561(7724): 455-7.

Namazi H, Mohit E, Namazi I, Rajabi S, Samadian A, Hajizadeh-
Saffar E, et al. Exosomes secreted by hypoxic cardiosphere-
derived cells enhance tube formation and increase pro-angiogenic
miRNA. J Cell Biochem 2017; 119(5): 4150-60.

Mendt M, Kamerkar S, Sugimoto H, McAndrews KM, Wu
CC, Gagea M, et al. Generation and testing of clinical-grade
exosomes for pancreatic cancer. JCI Insight 2018; 3(8): €99263.
Vandergriff A, Huang K, Shen D, Hu S, Hensley MT, Caranasos
TG, et al. Targeting regenerative exosomes to myocardial
infarction using cardiac homing peptide. Theranostics 2018; 8(7):
1869-78.





