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Abstract

Background: The immunosuppressive activity of mesenchymal stem cells (MSCs) has been exploited to induce tolerance
after organ transplantation. The indoleamine 2,3-dioxygenase (IDO) may have beneficial effects in the immunoregulatory
properties of MSCs. It was recently revealed that exosomes derived from MSCs play important roles in mediating the bio-
logical functions of MSCs. This study aimed to explore the roles of exosomes derived from MSCs in the induction of immune
tolerance. Methods: Dendritic cells (DCs) and T-cells were cultured with exosomes derived from rat bone marrow MSCs
(BMSCs) overexpressing IDO1 or controls. For the in-vivo study, rats received heart transplants and were treated with
exosomes from IDO-BMSCs and heart function was evaluated. Flow cytometry was used to detect expression of cell surface
markers. Cytokine levels were detected in culture supernatants or serum samples. Protein and microRNA expressions in
exosomes were investigated by chips. Results: Exosomes from IDO-BMSCs cultured with DCs and T-cells (1) downregulated
CD40, CD86, CD80, MHC-II, CD45RA, CD45RA+CD45RB, OX62, and upregulated CD274 expression, (2) increased the
number of regulatory T-cells (Tregs) and decreased the number of CD8+ T-cells, and (3) decreased the levels of pro-
inflammatory cytokines, but increased the levels of anti-inflammatory cytokines compared with the other groups. Trans-
planted rats, which were injected with exosomes from IDO-BMSCs, had reduced allograft-targeting immune responses and
improved cardiac allograft function. Exosomes secreted by IDO-BMSCs exhibited significant upregulations of the immu-
noregulatory protein FHL-1, miR-540-3p, and a downregulation of miR-338-5p. Conclusion: Exosomes derived from IDO-
BMSCs can be used to promote immunotolerance and prolong the survival of cardiac allografts.
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anti-inflammatory M2 macrophages, as well as by inhibition
of natural killer cells®. Additionally, MSCs have been shown
to promote an anti-inflammatory response via secretion of

Introduction

Heart failure is a major public health challenge, with a
worldwide prevalence of more than 23 million'. Cardiac
transplantation is the current accepted therapy for patients

with end-stage heart failure. However, prolonged acceptance
of the allograft requires long-term administration of strong
immunosuppressive drugs, which have significant side
effects®. Induction of transplantation tolerance without
long-term immunosuppression remains an important goal
in the field of transplantation biology".

Mesenchymal stem cells (MSCs) have been reported to
exert anti-inflammatory and immunomodulatory effects*®,
which are mediated via cell—cell interactions, as well as via
secretion of factors modulating T-cell proliferation’. The
immunomodulatory activity of MSCs is mediated by the
transformation of pro-inflammatory M1 macrophages to
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cytokines, growth factors, interleukin (IL)-10, hepatocyte
growth factor, transforming growth factor (TGF)B1, indolea-
mine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE2), and
human leukocyte antigen G (HLA-G)°. Their immunosup-
pressive properties make MSCs attractive candidates for cel-
lular therapy of graft-versus-host disease and prevention of
transplant rejection'’.

IDO, which is mainly expressed in lymphoid tissue and
the placenta, catalyzes the rate-limiting cleavage of trypto-
phan via the kynurenine pathway'' Treatment with an IDO1
inhibitor was previously shown to result in T-cell-dependent
allograft rejection, and IDO has shown promise as an immu-
nomodulator to suppress allograft rejection'*'?. Activation
of IDO-expressing DCs was shown to promote the survival
of grafts'. IDO has been shown to mediate the immunore-
gulatory activity of CD4+ CD25+ FoxP3+ regulatory T-
cells (Tregs)"”. Interestingly, this interplay between IDO and
Tregs has been shown to be important for CTLA4Ig-induced
tolerance to murine cardiac allografts'®.

Exosomes are membrane-bound vesicles formed by the
inward budding of multivesicular endosomes, which fuse
with the plasma membrane and then undergo extracellular
secretion'’'°. Exosomes are secreted by several cells types
including B-cells®°, dendritic cells (DCs)*' and T-cells*?,
and have been reported to contain proteins and RNA of the
secretory cells. They are thought to represent the bioactive
component of stem cells, and play an important role in inter-
cellular communication®-**. Exosomes secreted by acti-
vated antigen-presenting cells (APCs) are more enriched in
major histocompatibility (MHC) class I and II, CD86 and
CD45 compared with exosomes secreted by quiescent
APCs®®. Exosomes secreted by DCs and B-cells were shown
to play an important role in regulation of the adaptive
immune response to pathogens and tumors®. Furthermore,
graft-derived exosomes which transfer non-self MHC anti-
gens and APC-activating mediators to recipient APCs are
thought to mediate the rapid adaptive immune response lead-
ing to acute rejection of allografts®’. There has been a recent
focus on using MSC-derived exosomes as a cell-free therapy
for cardiac regeneration following myocardial infarction®.

In this study, we established a rat heterotopic heart trans-
plant model. We used exosomes secreted by IDO-
overexpressing BMSCs to investigate mechanisms underlying
immune tolerance during allogeneic heart transplantation.

Materials and Methods
Animals

Healthy specific-pathogen-free (SPF) male Sprague—Dawley
(SD) rats aged 4 weeks were purchased from Chengdu
Dasuo Biological Technology Co., Ltd. (Chengdu, Sichuan,
China). All animal studies were approved by the Animal
Care and Use Committee of the First People’s Hospital of
Yunnan Province, China and were performed according to
Good Laboratory Practice.

BMSCs were isolated from SPF rats as previously
described®’. Briefly, rats were sacrificed by cervical disloca-
tion, the femur and tibia were collected, and immersed in
75% ethanol for 1-2 min and then in 0.9% normal saline.
Both ends of the femur and tibia were removed to expose the
bone marrow cavity, which was flushed. The femur and tibia
were cut into blocks, rinsed repeatedly with saline, and the
liquid was then transferred into a sterilized tube. After cen-
trifugation at 1500xg/min for 10 min, the cell pellet was
collected, and the cells were resuspended in C57BL/6 mouse
BMSC medium (Cyagen Biosciences, Santa Clara, CA,
USA) containing 10% fetal bovine serum (FBS). Cells were
cultured at 37 in the presence of 5% CO,, and the medium
was refreshed after 72 h and every 3 days thereafter. Cells at
passage 3 (P3) were purified with CD11b (Microglia)
MicroBeads (Miltenyi, Auburn, CA, USA), and cultured
until P7.

Transduction of BMSCs with Lentivirus Carrying IDO|

BMSCs were transduced with GV308 lentivirus carrying
IDO1 as previously described®’. Total RNA was extracted
from transduced cells using Trizol reagent (Thermo Scien-
tific, Waltham, MA, USA), according to the manufacturer’s
instructions. cDNA was prepared using the RevertAid™
First Strand cDNA Synthesis Kit (Thermo Scientific), and
IDO1 was amplified using a template (10 ng/pl), with 10 uM
each of IDO1 forward primer 5’-TTAAGACGCAATGAA-
GACT-3" and IDOI reverse primer 5’-GAGGTGGAA-
CATTCTGAG-3" (Shanghai Genechem Co., Ltd.,
Shanghai, China), dNTP mix (2.5 mM each), and PrimeS-
TAR HS DNA polymerase (0.5 pl, Takara Bio Inc., Otsu,
Japan).

Extraction of Exosomes

At 16 h following lentivirus transduction, IDO1 expression
was induced by treating the cells with 5 pg/ml of doxycy-
cline (DOX) for 48 h, and exosomes were extracted using
the Exosome Antibodies, Array & ELISA Kit (System
Biosciences, Mountain View, CA, USA). Briefly, the cells
were pelleted at 300 xg for 15 min at 4°C, the supernatant
was centrifuged at 15,000xg for 30 min at 4°C, and the
resulting supernatant passed through a 0.2-um filter. The
filtrate was then centrifuged at 120,000xg for 70 min at
4°C, and the exosomes were harvested using the ExoQuick
TC kit according to the manufacturer’s instructions (Sys-
tem Biosciences, Mountain View, California, USA). Serum
exosomes were removed by ultra-centrifugation at
120,000 x g at 4°C overnight.

Separation and Culture of DCs from Peripheral Blood

Male SPF rats were anesthetized, the aorta was separated
after laparotomy, and 10 ml of blood was collected from the
aorta in a heparinized syringe. The blood was mixed with



He et al

1659

erythrocyte lysis buffer and incubated on ice for 15 min with
intermittent vortexing. Peripheral blood lymphocytes were
collected using the Lymphocyte Separation Medium (RAT)
(Catalog No: P8630; Solarbio CO., Beijing, China). The
cells were resuspended in two volumes of erythrocyte lysis
buffer and centrifuged at 450xg for 10 min at 4. The cell
pellet was resuspended in Roswell Park Memorial Institute
(RPMI) 1640 medium containing 10% FBS, 20 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-
CSF) , 10 ng /ml IL-4 and 0.1mg/ml of penicillin and
streptomycin and incubated for 10 days at 37 in the pres-
ence of 5% CO,. The immature DCs and mature DCs were
observed under a phase contrast microscope. After shaking,
DCs were collected, fixed in 30 g/l glutaraldehyde and
processed for electron microscopy as mentioned above.
Then, cells were observed under an electron microscope
(S-3000 N).

Separation of T-cells

Spleens were harvested from SD rats under aseptic condi-
tions, minced, and single cell suspensions were prepared.
Samples were lysed in erythrocyte lysis buffer (Solarbio
Science & Technology Co.) and incubated on ice for 15 min
with intermittent vortexing. The suspension was centrifuged
at 450xg for 10 min at 4, and cells were harvested. For cell
sorting, cell suspensions (107 cells) were centrifuged at
300xg for 10 min, and cells were resuspended in MACS
buffer (107 cells per 80 pl of buffer). and incubated with
anti-Rat DC (0X62) microBeads at 4 for 15 min. Cells were
washed with 2 ml of buffer, centrifuged at 300 x g for 10 min,
resuspended in 500 pl of buffer, and passed through the
column according to the manufacturer’s instructions. The
resultant T-cells were observed under a phase contrast
microscope’.

Co-culture and Grouping

The different groups for the co-culture experiments
included: (A) IDO1-BMSC-secreted exosomes co-cultured
with DCs; (B) IDO1-BMSC-secreted exosomes co-cultured
with T-cells; (C) IDO1-BMSC-secreted exosomes co-
cultured with DCs + T-cells; (D) Empty vector-BMSC-
secreted exosomes co-cultured with DCs; (E) Empty vector
-BMSC-secreted exosomes co-cultured with T-cells; (F)
Empty vector -BMSC- secreted exosomes co-cultured with
DCs + T-cells; (G) BMSC-secreted exosomes co-cultured
with DCs; (H) BMSC-secreted exosomes co-cultured with
T-cells; (I) BMSC-secreted exosomes co-cultured with DCs
+ T-cells; (J) DCs only; (K) T-cells only; (L) DCs co-
cultured with T-cells.

The concentration of exosomes from corresponding
BMSCs was adjusted to 800 mg/ml to make the exosome
concentrations consistent among groups. After cell counting,
DCs were mixed with T-cells at a ratio of 1:1, followed by
addition of 5 pg/ml lipopolysaccharide. The mixture was

incubated for 24 h, 48 h or 72 h, and then processed for flow
cytometry. The supernatant of co-cultured with DCs + T-
cells was collected at the designated time points for reverse
transcription polymerase chain reaction (RT-PCR) to detect
the IDO1 expression, and for liquid-phase microarray assays
(to detect cytokine levels).

The A, D, G and J groups were evaluated for CD40, CD86,
CD80, MHC-II, CD274, CD45RA, CD45RA+CDA45RB and
0X62 expression. The B, E, H and K groups were evaluated
for Treg, CD3/CD4 and CD3/CD8 expression. The C, F, I and
L groups were evaluated for CD40, CD86, CD80, MHC-II,
CD274, CD45RA, CD45RA+CDA45RB, 0X62, Treg, CD4
and CD8 expression.

Quantitative Analysis of Cytokine Levels

Cells were co-cultured for 48, 72 and 96 h, and the super-
natant was collected. Cells from the different co-culture
groups were harvested at the designated time points and
processed for flow cytometry according to the manufactur-
er’s instructions (eBioscience, San Diego, CA, USA). Super-
natant was assayed for in-vitro experiments, and serum
samples were assayed for in-vivo experiments. Samples
were assayed for IL-1a, 1L-4, IL-1P, IL-2, IL-10, interferon
(IFN)y, IL-18, TGFpB1, TGFB2 and TGFB3 using the
RECYTMAG-65K-07 kit (Merck, Millipore Corporation,
Billerica, MA, USA) and TGFBMAG-64K-03 kit (Merck)
according to the manufacturer’s instructions.

Echocardiography Assessment of Ventricular Function

Rats that received heart transplants were injected in the tail
vein with exosomes after 48 h as follows: IDO1-BMSC-
exosomes (1 mL; 20 mg/ml), vector-BMSC-exosomes (exo-
somes from BMSCs with control vector transduction; 1 ml;
20 mg/ml), BMSCs exosome (1 ml; 20 mg/ml), and no exo-
somes (1 ml of saline). Cardiac function was evaluated by
Doppler echocardiography with a Philips IE33 ultrasound
machine at 48 h following heart transplantation®'?, as well
as at 2, 4, and 7 days after exosome injection. M-mode
echocardiography was performed simultaneously. Left ven-
tricular fractional shortening (FS) and ejection fraction (EF)
were measured in three cardiac cycles.

Histological and Morphological Examination

At 48 h following heart transplantation, rats were sacrificed
by injection of 10% KCI (2 ml) via the femoral vein, and the
hearts were rapidly collected. The hearts were fixed in 4%
paraformaldehyde for 24 h, embedded in paraffin, and cut
into 5-um sections, followed by hematoxylin and eosin
(H&E) staining. The left ventricular myocardium was exam-
ined under a light microscope.
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Figure 1. Surface marker expression at 48 hours (in-vitro flow cytometer experiments).



‘||93-1 Auoren3au :8au) ‘uoneiasp pJepuels :qs Xxa|dwod Ajignedwodoisiy Jofew :DHH|A {92 dRIPUSP (D {[[92 WIS [BWAYDUISIW MOIBW dUOQ :DSING

:wouy 3usasyip Apuedyiudis (50°0 >9)

‘Ajuo [Co)s

‘1192 + awosoxa sOSIWG,
1192 + BUWOSOXd SOSWG-10I99A

1193 + dwosoxd sOSWNG-Odl.

p'qe

¥9°0 SL°0 8¢'0 €60 ¥v0 SL°0 £9°0 vL0 as
1000°0> 5qel8I 4| pEEl p6°Cl 1000°0> q0°6l q8°8I poeb €1 q€'8I uesw ggdD+€ddD
€60 590 6|l 090 SE| SL°0 9Ll og’l as
1000°0> 5qe9C9  pq0'6E po€9€ pl8E 1000°0> 5qeb' 1S pqClh poe0'9€ pq? OF uesw $gD+€ddD
ol1o 9¢€0 900 SI'C €00 0z0 1€0 1671 as
1000°0> &0 50 &0 paql Ol 1000°0> L0 L0 250 poqO¥ | ueawl 8au)
0Tl 9,0 690 950 Sl LS0 950 80°C as
1000°0> 5qel V9  pqeb’9S poel ¥ pq0'0C 100 5q<S'C6 pl'96 pS'L6 p9'96  uEdW 9X0O
591 990 090 8.0 650 6EY 980 1€0 as ausyads+
1000°0> 5qeb’lt  peb'SS p «8VS pq0'LL <0000 qe6 '8l qe0'1C poe? 9C paq? 01 uesw  WYysydd
1T o 19°0 €el 90 LTY €e| or'l as
1000°0> 5 <509 pgel’lS > 2989 paq0 0¥ 10000> 4 «8SF q<81¥ T4 po81C  UBSW  WYSYAD
S0 (4301} 'l 4N} LST €€T ol €9 as
1000°0> 5qeS'L pe8'8C p «8'6C paq0 1€ 1000°0> 5:q=C'8S pCCL pP L p9'9L uEdW ¥£TAdD
€l 8¢9 61°C ¢S50 61°C oty 89| 88C as
<0000 5 1€ oL'SE L'VE paqb €1 1000°0> 5q6 1€ pqeb’6E poel 19 ueawl IIF-OHW
SC0 S0 660 yANY 80 ov'€ 60 as
1000°0>  5el€l  pgel Tl > el Pl paq0'L #0000 CEl £91 LTI poql ¥ ueawl 08AD
60 0l (44 S0 olo 1T 990 8.0 as
1000°0> 5qe€ 1€  pe€'SE p eV'SE poql 9 1000°0> el Sl pgeS'LI poeS 0T poql Tl ueawl 98AD
¥9°0 og’l 9T0 ¥¥0 or'l (0140} S6°1 66| as
1000°0> LS «5'€9 el'CS p>q0'6 <00 qe8 1| 601 ps'8 p28'9 uesuw 0rad
anjea-d  |j@a-L I193-L I193-L 11> enjea-d  [P2-1 |92 + 1®>-1 + [19-1 + @°npead D> DA+ od+ od+
+259$a0 +o2$a+ +>2$a+ -1L+OHa-+ 2WOSOXd awos 3WOSOXd 3WOSOXd awos 2WOSOXd
2WOSOXd awos 2WOSOXa SOSWG  -0x3 sDSING SOSW4 SOSIWG  -OXd sDSING sOSIG
SOSIWG  -OX® sDSING sOSd -103133A -Odil -J012dA -Odl
10129 -odal

'SINOH 7/ e SJadjJel] 928pING Jo uoissaudxy 10919 01 A119W0ILD) MOl *T d|qeL

1662



"|93-1 A1orenBau 3. ‘uoneiAsp paepuels QS Xxa|dwod Aujiqnedwodoisiy Jolew :DHA {22 dnIIPUIP D {[20 WIS [BWAYDUSSIW MOJIBW BUO] :DSIAG

:wouy usaaylp Apuedyiudis (50°0 >9)

‘Ajuo [Co)s

‘1192 4 swosoxs sOSING,
‘1193 + SUWOSOXd SDFNG-10I99A

192 + awosoxa sOSWE-0dl.

po'qe
4N 9¢€°0 ol'o 0€0 050 P4l 1A 4 950 as

90000 5qel’6 peS'L p69 po€9 <00 <E£€I R4l 61 poq€’9 uesw gddD+€dD
€T | L0°] 11T 9971 050 1T0 10 L0°1 as

€0000  5qe€ 9l  pqe0’ll p>0'8 pol’9 10000 5qel'€  pqeC’S po¥'L po¥'8 uesw gD+€dD
S9°0 S1°0 1T0 180 €0 850 1€°1 80 as

olo 90 Cl 1"l p6’l [4N0) Sy 8¢ el’€ a4 ueawl 8au]
¥v0 o SS90 LS°] T orl ol'y 00°€ as

1000°0> sqel €L  pgqeb’99 poef €9 poqP €S 1000°0> 5qeS'61 pe€CE pe€ 1€ paq€ Tl ueawl 9XO

19% 8L 0+'0 050 Ll 970 9l 90 as dusyads+

1000°0> 5qeS'1S  pqeS'IE poeC 6 poq8'€ 1000°0> 54+90C pqC8 poeS |1 pq8'9 ueaw  vysyad
160 080 S9°0 990 0€'C €1'E 060 S0 as

1000°0> 5qe0VE  pqe€’CE poeb 8E poqC Ll ¥000  5q2C6S PSS plCS p805 UBBW  WYYSFAD
€971 10°1 61°C 4N 8¢0 SC0 L9°1 LL'T as

£000°0 »q9CS  pe€9 pe8'LY »q0'¥S 1000°0> 5q<C8 pq8CE poed €1 pqCbe uBdW ¥,LTdD
80°I 90°I 80 y0'€ €9°1 S0 19°0 ¥¥0 as

1000 50V 91 el '€V paqC V€ 1000°0> 5qe98F ,HEEE pEEY p0E€E uesauwl IIF-DOHW
89°0 0 670 670 80'C ol'l €6'C 891 as

1000°0> 5qe6'9  pgel’S poeb’€ poqP’C £00°0 >e861 P €l 891 pql Tl ueawl 08AD
€60 90 L1°0 560 (431} S9°0 6l 1€0 as

£000°0 801  pqel ¥l L€ 5001 1000°0> 5qe€91 pq9°8 poeb €1 pqb’L ueawl 98AD
1€0 wo SL°0 ov'0 L0C €CE L8'S 80 as

1000°0> 5qeP'€8  peC'98 pqed 98 poq€ 99 9000 eCVE  qel CE >eC 6€ poqd PC  UESW 0vyad

anjea-d  |j@d-1 I193-1 1133 1193 oneA @3- [[9>-1L + [1®9>-1 + [19-1 +  @njead oda oa + o4+ oa +
+25$a +o2$AQ+ -L+-D2a+ -L+>2a-+ -d 3WOSOXd awos 3WOSOXd 3WOSOXd awos SWOSOX3
9WOSOXd awos 2WOSOXd SOSIWG  -Ox3 sDOSING SOSING SOSING  -0x@ sDSWg sOSIG
SOSWG  -0X® sOSd SOSWd ~103133A -Odl ~10133A -Odil
-10129A -0dl

"SINOH 94 € S.UddjJel] 9IBLING JO UoIssaudx] 3109319 03 A1IBWOI ) MOl °€ d|qel

1663



Cell Transplantation 27(11)

1664

90+

r
=
=
-

o

T T T
oo o0
@ M~ o v

% ‘uoissaidx3y

IDO-BMSCs exosome + DC + T cell

IDO-BMSCs exosome +T cell

IDO-BMSCs exosome + DC cell

90

T
L=}
o

704

T T 1 11
=B~~~ =~ =]
W W N

.
(=]
o
=

- % ‘uoissaidxgy

Vector-BMSCs exosome + DC + T cell

Vector-BMSCs exosome + T cell

Vector-BMSCs exosome + DC cell

oo oo
o O~
e

i o, ‘uoissaidxgy

[ o, ‘uoissaidxgy

=
+
O
(=]
+
o
E
o
0
=]
X
)
w
<o
7]
=
m
Q.wo
(== = = = = = = == =] (v]
m337654321
2 o, ‘uojssasdx3y
3
Q
Ly
@
E
]
1
Qo
>
o
w
Q
7]
=
m
&,
%
8 § =& °
- 9% ‘uojssaidx3y

BMSCs exosome + DC cell

DC + T cell

Tcell

DC cell

Figure 2. Surface marker expression at 72 hours (in-vitro flow cytometer experiments).
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Table 4. Mean RT-PCR threshold (Ct) values of IDO-I at 48, 72, 96 h (In-Vitro Experiments).

48h 72h 96h
p-value for

mean (SD) p-value mean (SD) p-value mean (SD) p-value trend
IDO-BMSC-exosome + DC 2.8 (0.34)>¢  <0.0001 3.7 (0.20)>¢ <0.0001 4.4 (0.13)>¢ <0.0001  <0.000I
Vector-BMSC-exosome + DC 0.02 (0.01)*¢ 0.3 (0.12)* 0.2 (0.01)* 0.30
BMSC-exosome + DC 0.03 (0.01)*¢ 0.3 (0.04)* 0.1 (0.01)* 0.6l
DC 1.00 (0.00)*"< 1.0 (0.00)>P< 1.0 (0.00)*>< -
IDO-BMSC-exosome + T-cell 1.3 (0.03)¢ 0.0009 1.4 (0.19)° 0.0101 1.6 (0.10)° 0.0081 0.03
Vector-BMSC-exosome + T-cell 1.4 (0.13)¢ 1.6 (0.16)° 1.5 (0.21)¢ 0.49
BMSC-exosome + T-cell 1.5 (0.12)¢ 1.6 (0.27)° 1.4 (0.22)° 0.67
T-cell 1.0 (0.00)*"< 1.0 (0.00)>"< 1.0 (0.22)**¢ -
IDO-BMSC-exosome + DC + T-cell 5.0 (0.54)>¢ <0.0001 6.4 (0.02)>>¢ <0.0001 7.8 (0.14)>¢ <0.0001  <0.000I
Vector-BMSC-exosome + DC + T-cell 1.3 (0.23) 1.6 (0.53)>< 1.6 (0.06)>¢ 0.30
BMSC-exosome + DC + T-cell 1.0 (0.16) 1.0 (0.01)*° 1.4 (0.22)*¢ 0.05
DC + T-cell 1.0 (0.00) 1.0 (0.00)*° 1.0 (0.00)**< -

abed( < 0.05) Significantly different from.

#IDO-BMSCs exosome+ cell.
®Vector-BMSCs exosome + cell.
‘BMSCs exosome + cell.

deell only.

BMSC: bone marrow mesenchymal stem cell; DC: dendritic cell; SD: standard deviation.

Agilent miRNA Chip Analysis

IDO1-BMSCs and control BMSCs were maintained in
serum-containing medium containing DOX without exo-
somes for at least 48 h. Total RNAs that included small RNA
fraction from the exosome pellet were isolated using
SeraMir™ Exosome RNA Amplification Kit (System Bios-
ciences) according to the manufacturer’s instructions. miRNA
was purified with the mirVana™ miRNA Isolation Kit
(AM1561) following the manufacturer’s instructions. Total
RNA (200 ng) was labeled using the Agilent miRNA Com-
plete Labeling and Hyb Kit (Richardson, Texas, USA). Agi-
lent Feature Extraction (version 10.7) was used to analyze the
images after hybridization, followed by data extraction. miR-
NAs were considered to be upregulated at a ratio of >1.2 and
downregulated at a ratio of <0.83. Agilent GeneSpring soft-
ware was used for the data normalization. GeneSpring was
used for the analysis of intergroup difference.

Quantitative Proteomic Analysis

Exosomes from BMSCs were incubated with lysis buffer (8
M urea, 1% Triton X-100, 65 mM dithiothreitol, 1% protease
inhibitor, 3 uM trichostatin A, 50 mM nicotinamide, and 2
mM ethylenediaminetetraacetic acid), followed by sonica-
tion on ice. Samples were centrifuged at 4°C for 10 min at
12,000% g, the supernatant was incubated with 15% trichloroa-
cetic acid (TCA) at 4°C for 2 h, and processed as previously
described*? for reverse-phase high-performance liquid chroma-
tography (HPLC) with high pH (Agilent 300 Extend C18 col-
umn; 5 pm particles, 4.6 mm ID, 250 mm length). The peptides
were further validated by liquid chromatography (LC)-mass
spectroscopy (MS)/MS analysis using standard protocols™*.

Quantitative Analysis of Global
Proteome in Red Tree

Quantitative global proteome analysis was performed after
tandem mass tag (TMT)-labeled peptides were subjected to
HPLC fractionation followed by high-resolution LC-MS/
MS analysis. After identification of upregulated and down-
regulated proteins in each exosome group, intensive bioin-
formatic analysis (protein annotation, functional
classification, functional enrichment, and functional
enrichment-based cluster analysis) was carried out to anno-
tate quantifiable targets.

Small RNA Library Preparation

Total exosomal RNA (3 pg) was used as input material for the
small RNA library. Sequencing libraries were generated using
NEBNext® Multiplex Small RNA Library Prep Set for Illumina®
(NEB, Ipswich, MA, USA) following the manufacturer’s recom-
mendations and index codes were added to attribute sequences to
each sample. The library quality was assessed on the Agilent
Bioanalyzer 2100 system using DNA high sensitivity chips.
Clustering of the index-coded samples was performed on a
cBot Cluster Generation System using TruSeq SR Cluster Kit
v3-cBot-HS (Illumina, San Diego, CA, USA) according to
the manufacturer’s instructions. After cluster generation, the
library preparations were sequenced on an Illumina Hiseq
2500 platform and 50 bp single-end reads were generated.

Statistical Analysis

Mean and standardized deviation were summarized for all
numerical variables. A one-way analysis of variance was used
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Table 5. Expression Levels of IL-1a, IL-4, IL-1B and IL-2 at 48, 72, and 96 h (In-Vitro Experiments).

IL-lo IL-4 IL-1B IL-2
48 h
IDO-BMSC-exosome + DC + T-cell 57.3 (2.56)>< 2.7 (0.50)><¢ 57.9 (1.91)>< 53.7 (1.32)¢
Vector-BMSC-exosome + DC+T-cell 93.0 (1.72)*¢ 10.4 (0.24)>¢ 78.5 (1.87)*¢ 632 (2.81)*¢
BMSC-exosome + DC + T-cell 96.3 (3.45)*¢ 11.6 (0.42)*° 76.8 (2.50)*¢ 64.5 (3.91)*¢
DC + T-cell 225.5 (0.70)**¢ 12.2 (0.20)*° 84.7 (1.30)*P< 87.6 (3.67)*P<
p-value <0.0001 <0.0001 <0.0001 <0.000
72 h
IDO-BMSC-exosome + DC + T-cell 55.0 (1.65)>< 2.3 (0.22)<4 55.9 (1.39)>< 52.4 (1.76)><
Vector-BMSC-exosome + DC + T-cell 91.7 (1.90)*¢ 9.4 (0.44) 77.6 (2.21)*¢ 62.0 (2.91)*¢
BMSC-exosome + DC + T-cell 95.3 (3.55)*¢ 10.3 (0.33)*¢ 75.0 (2.81)*¢ 63.2 (3.92)*¢
DC + T-cell 252.6 (29.36)>"¢ 17.1 (2.44)0< 88.3 (1.17)*P< 89.2 (2.75)*P<
p-value <0.000 <0.0001 <0.0001 <0.000
96 h
IDO-BMSC-exosome + DC + T-cell 53.9 (1.42)° 2.2 (0.21)><¢ 55.1 (1.58)>< 51.2 (1.72)<
Vector-BMSC-exosome + DC + T-cell 130.9 (2.42)>¢ 8.5 (0.37)*¢ 77.1 (2.07)>4 61.2 (2.64)*¢
BMSC-exosome + DC + T-cell 132.1 (9.48)¢ 9.5 (0.39) 73.8 (1.88)*>¢ 62.2 (4.03)*¢
DC + T-cell 291.4 (0.96)*P¢ 18.2 (2.65)"¢ 90.7 (0.18)>"< 90.2 (1.00)>P<
p-value <0.0001 <0.0001 <0.0001 <0.0001
BMSC: bone marrow mesenchymal stem cell; DC: dendritic cell; IL: interleukin; SD: standard deviation.
Table 6. Expression Levels of IL-10, IFNy and IL-18 at 48, 72, 96 h (In-Vitro Experiments).

IL-10 IFNy IL-18

48 h

IDO-BMSC-exosome + DC + T-cell
Vector-BMSC-exosome + DC + T-cell
BMSC-exosome + DC + T-cell

DC + T-cell

p-value

72 h

IDO-BMSC-exosome + DC + T-cell
Vector-BMSC-exosome + DC + T-cell
BMSC-exosome + DC + T-cell

DC + T-cell

p-value

96 h

IDO-BMSC-exosome + DC + T-cell
Vector-BMSC-exosome + DC + T-cell
BMSC-exosome + DC + T-cell

DC + T-cell

p-value

1149.0 (33.2)><
820.3 (4.25)><¢
881.6 (14.35)*>
348.4 (2.99)*P¢

<0.000

1254.7 (35.70)><¢
864.0 (26.51)¢
896.3 (15.31)*¢
313.8 (3.02)*"¢

<0.0001

1266.2 (47.20)><¢
870.4 (22.34)¢
902.5 (18.90)
304.3 (2.42)*°¢

<0.000

10.6 (0.37)><
15.5 (0.40)>¢
15.5 (0.30)>¢
18.2 (1.44)0<
<0.000

9.7 (0.19)><
14.4 (0.22)>¢
14.5 (0.27)>¢
21.7 (1.05)*P<

<0.000

9.3 (0.15)>¢
1.1 (0.29)><¢
13.7 (0.23)>°4
28.1 (0.72)>P<

<0.000

62.5 (2.13)><
75.9 (2.59)*¢
77.3 (1.23)*°
90.0 (0.44)P<
<0.0001

60.3 (1.79)><¢
742 (1.28)¢
76.5 (1.98)>¢
93.0 (0.70)*P<
<0.0001

59.5 (1.86)><
73.2 (1.58)*
75.4 (2.02)>°
95.3 (0.27)P<
<0.0001

§ Value were summarized as mean (SD); Unit: pg/ml.

abcdSienificantly different from.
#IDO-BMSCs exosome + cell.
bVector-BMSCs exosome + cell.
‘BMSCs exosome + cell.

deell only.

BMSC: bone marrow mesenchymal stem cell; DC: dendritic cell; IDO: indoleamine 2,3-dioxygenase; IFN: interferon; IL: interleukin; SD: standard deviation.

to test the differences in means between groups. Multiple
comparisons were performed by a post-hoc test with Fisher’s
least significant difference. All statistical significance includ-
ing pair-wise comparison tests were defined by the two-tailed
test and p < 0.05. All analyses were conducted using SAS
version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results

Flow Cytometry to Detect Expression of Cell Surface
Markers in the In-Vitro Model

Flow cytometry was used to determine the expression of cell
surface markers in different groups of co-cultured BMSC-
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Table 7. Expression Levels of TGFB 1, TGFB2, TGFfB3 at 48, 72, and 96 h (In-Vitro Experiments).

TGFBI TGFp2 TGFB3
48 h

IDO-BMSC-exosome + DC + T cell 1244.0 (25.71)>< 240.9 (5.67)>4 6.6 (0.28)><4
Vector-BMSC-exosome + DC + T cell 1169.0 (30.45)>¢ 208.2 (0.80)>¢ 5.4 (0.28)>¢
BMSC-exosome + DC + T cell I165.1 (31.81)*¢ 200.2 (5.90)>¢ 5.5 (0.30)>¢
DC + T cell 1044.0 (15.87)*P< 138.3 (2.71)*P< 4.4 (0.30)*P<
p-value 0.0001 <0.0001 0.0001
72h

IDO-BMSC-exosome + DC + T cell
Vector-BMSC-exosome + DC + T cell
BMSC-exosome + DC + T cell

DC + T cell

p-value

96 h

IDO-BMSC-exosome + DC + T cell
Vector-BMSC-exosome + DC + T cell
BMSC-exosome + DC + T cell

DC + T cell

p-value

1313.4 (4.28)><4
1178.7 (30.17)>¢
1172.4 (32.70)*¢
837.4 (36.93)*P<
<0.0001

1325.4 (6.68)>¢
1243.0 (3.21)><
1179.3 (28.85)>¢
749.9 (34.53)>"<
<0.0001

2447 (1.86)><¢

6.8 (0.05)><4

209.8 (1.07)>¢ 5.8 (0.06)*¢

202.7 (7.25)* 5.7 (0.19)*

127.9 (4.27)*°< 4.3 (0.29)*°¢
<0.0001 <0.000

2474 (1.62)>4

6.9 (0.06)><4

210.8 (0.32)* 6.0 (0.02)*°

209.7 (12.32)* 5.9 (0.14)>

118.2 (2.08)*P< 4.2 (0.25)*P<
<0.000 <0.000

§ Value were summarized as mean (std); Unit: pg/ml.
2bedgianificantly different from.

*IDO-BMSCs exosome + cell.

®Vector-BMSCs exosome + cell.

“BMSCs exosome + cell.

deell only.

BMSC: bone marrow mesenchymal stem cell; DC: dendritic cell; IDO: indoleamine 2,3-dioxygenase; IFN: interferon; IL: interleukin; SD: standard deviation.

exosomes. After 48 h, and 72 h of co-culture, IDO-BMSC-
exosomes co-cultured with DCs, and IDO-BMSC-exosomes
co-cultured with DCs + T-cells had significantly lower
expression of CD40, CD86, CD80, MHC-II, and CD45RA
+ CD45RB compared with (1) vector-BMSC-exosomes or
(2) BMSC-exosomes co-cultured with DCs or DCs + T-cells
(all p<0.05). In contrast, IDO-BMSC-exosomes co-cultured
with DCs, and IDO-BMSC-exosomes co-cultured with DCs
+ T-cells had the highest expression of CD274 (all p <
0.0001) compared with the other groups (Table 1, Fig. 1).
IDO-BMSC-exosomes co-cultured with T-cells and IDO-
BMSC-exosomes co-cultured with DCs + T-cells for 48 h
and 72 h had a significantly higher proportion of Tregs (both
p < 0.05), and a significantly lower expression of CD3 +
CDS8 compared with the other groups after 48 h, 72 h, and 96
h of co-culture (all p < 0.0001; Tables 1-3, Figs. 1-3).

RT-PCR to Detect IDO| Expression

The expression of IDO1 was determined in the different co-
cultured groups at 48, 72 and 96 h. IDO1 expression was
significantly higher in IDO-BMSC-exosomes co-cultured
with DCs + T-cells compared with the other groups
(» < 0.0001) and showed a time-dependent increase. The
mean RT-PCR threshold (Ct) values showed an increasing
pattern with time in the IDO-BMSC-exosomes co-cultured
with DCs, as well as in IDO-BMSC-exosomes co-cultured
with DCs + T-cells (p-value for trend <0.0001; Table 4).

Quantitation of Cytokine Levels

The supernatant was collected from the different co-culture
groups at 48, 72 and 96 h and processed for liquid microarray
analysis to determine cytokine levels. IDO-BMSC-
exosomes co-cultured with DCs + T-cells for 48 h, 72 h,
and 96 h had significantly lower mean levels of IL-10, IL-4,
IL-1PB, IL-2, TFNy, and IL-18 compared with the other
groups (p < 0.05). In contrast, IDO-BMSC-exosomes co-
cultured with DCs + T-cells for 48 h, 72 h, and 96 h had
significantly higher levels of IL-10, TGFB1, TGFB2, and
TGFB3 compared with the other groups (Tables 5-7; all
p <0.05).

Evaluation of Heart Function in Heart
Transplant Model

Heart function was evaluated in the rat abdominal het-
erotopic heart transplantation model. Transplanted rats
were injected with Dir-stained IDO-BMSC-secreted
exosomes, empty vector-BMSC-secreted exosomes, or
BMSC-secreted exosomes 48 h after transplantation.
Animal in-vivo imaging was used to detect the cardiac
local fluorescence intensity after intervention 2, 4 and 7
days. EF and FS were determined by color Doppler
examination after 2, 4 or 7 days of exosome treatment.
Untreated animals, and animals treated with mycophe-
nolate mofetil were used as controls. Animals treated
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Table 8. Evaluation of Heart Function in Rat Heart Transplantation

Model.

Difference between pre- and post-test

EF, % FS, %

2 days
IDO-exosome 16.8 (1.51)>%e 14.8 (1.49)><%¢
Vector-exosome 3.8 (1.43)*¢ 2.4 (0.31)*°
BMSCs exosome 4.5 (1.08)> 4.3 (0.25)*°
Mycophenolate mofetil 4.4 (0.35)*¢ 5.0 (0.26)*¢
Untreated —33.0 (11.13)*>4  _16.7 (5.43)>><d
p-value <0.0001 <0.0001
4 days

IDO-exosome

19.6 (7.10)><%¢

1.6 (3.77)><%¢

Vector-exosome 7.8 (7.24)*¢ 5.0 (4.39)*¢
BMSCs exosome 7.7 (2.62)*¢ 5.3 (1.67)*¢
Mycophenolate mofetil 4.3 (2.22)*° 3.3 (0.88)*¢
Untreated —8.3 (4.75)>P<d —5.6 (3.13)>P<d
p-value 0.001 0.0007

7 days

IDO-exosome
Vector-exosome
BMSCs exosome
Mycophenolate mofetil
Untreated

p-value

14.3 (1.98)><%¢
4.5 (1.65)*%
44 (1.98)>%*

—16.9 (10.23)>><
—47.1 (3.23)P<d
<0.0001

12.3 (1.82)<%e
2.2 (1.17)>%e
1.9 (1.31)*%

—10.6 (6.47)>"<¢
—27.4 (2.87)>0<
<0.0001

§ Value were summarized as mean (std).

abede gionificantly different from.

#IDO-exosome.

bVector-exosome.

‘BMSC-exosomes.

dmycophenolate mofetil.

¢ untreated.

BMSC: bone marrow mesenchymal stem cell; EF: ejection fraction; FS: frac-
tional shortening; IDO: indoleamine 2,3-dioxygenase.

with IDO-BMSC-secreted exosomes had a significantly
higher EF and FS on Days 2, 4 and 7 compared with the
other groups (all p < 0.05; Table 8). Animal in-vivo
imaging was used to detect the cardiac local fluores-
cence intensity after 2, 4 or 7 days of treatment. Ani-
mals treated with IDO-BMSC-secreted exosomes
showed the highest average fluorescence intensity at
each time point compared with the other groups (all
p < 0.0001; Table 9, Fig. 4).

Flow Cytometry to Detect Expression of Cell Surface
Markers in the In-Vivo Model

Spleens from transplanted rats injected with the different
BMSC-exosome groups were processed for flow cytometry
to evaluate expression of surface markers. The IDO-
BMSC-exosome group had significantly lower expression
of the CD40, CD86, CD80, MHC-II, CD45RA and
CD45RA+CD45RB, but a significantly higher expression
of CD274 and a higher proportion of Tregs compared with
the other groups after 48 h, 72 h, and 96 h of treatment (all
p <0.001; Tables 10-12, Figs. 5-7).

Quantitation of Cytokine Levels for the In-Vivo Model

Liquid microarray analysis to evaluate serum cytokine levels
showed that the IDO-BMSC-exosome group had significantly
lower levels of IL-1a, IL-4, IL-1p, IL-2, IFNY, and IL-18 on
days 2, 4, and 7 after treatment compared with the other
groups, and the levels of these cytokines tended to decrease
over time. However, the IDO-BMSC-exosome group had sig-
nificantly higher levels of IL-10, TGFB1, TGFB2, and TGFf33
on days 2, 4, and 7 after treatment compared with the other
groups, and the levels of these cytokines tended to increase
over time (all p < 0.0001; Tables 13-15.

Histopathology

After 3 days from the establishment of the rat heart trans-
plantation model, the animals were treated with the different
groups of exosomes. The hearts were harvested after 2, 4,
and 7 days of treatment for the preparation of paraffin sec-
tions and H&E staining. Animals injected with IDO-BMSCs
exosomes exhibited a significantly lower number of infil-
trated inflammatory cells compared with the other groups
at all time points of examination (Figs. 8—10).

Bioinformatics

We analyzed exosome proteins from IDO-BMSC-exosomes,
empty vector-BMSC-exosomes (NC), and BMSC-exosomes.
We identified a total of 1392 proteins, of which 1158 proteins
were quantified. When the threshold of fold change was
defined as 1.2 and p-value <0.05 in a Student’s 7 test was used
as a criterion, we found that 288 proteins were upregulated, and
90 proteins were downregulated in IDO1-BMSC-exosomes
compared with NC-BMSC-exosomes. On the basis of these
findings, the quantified proteins were further subjected to sys-
temic bioinformatics analyses including: (1) protein annota-
tion, (2) functional classification, (3) functional enrichment,
and (4) clustering analysis based on functional enrichment.

The IDO-BMSC/NC comparison represented the proteins
meeting condition 1 and condition 2. For condition 1, differ-
entially expressed proteins in NC/BMSC served as the
background, and proteins in which the changes in the IDO-
BMSC/BMSC and IDO-BMSC/NC were similar to those
observed in the NC/BMSC comparison were excluded. For
condition 2, proteins in which the changes in the IDO-BMSC/
BMSC comparison were different from those in the IDO-
BMSC/NC comparison were excluded. The ratio referred to
the ratio of the value in the IDO-BMSC/BMSC comparison to
that of the IDO-BMSC/NC comparison. The p-value referred
to the p-value in the IDO-BMSC/NC comparison.

Proteins meeting condition 1 and condition 2 were
further analyzed with the threshold of fold change set
tol.2. The top 20 proteins which were upregulated or
downregulated (Supplemental Table S5) were subjected
to Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis, and immune-related proteins (Supplemental
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Figure 4. Average fluorescence intensity of transplanted heart in rat model, unit: (p/s/cm?) x 107.

Table 9. In-Vivo Imaging of Transplanted Heart in Rat Model.

Average fluorescence intensity (p/sicm?) x 107

2 days 4 days 7 days
Abdominal
IDO-exosome 11.3 (1.88)><%e 12.5 (0.15)><%e 8.0 (0.13)>c%e
Vector-exosome 7.8 (0.96)<%° 7.5 (0.50)*%¢ 2.5 (0.17)%e
BMSCs exosome 3.3 (0.30)>° 7.2 (0.09)>%¢ 2.6 (0.12)>¢
Mycophenolate mofetil 2.6 (0.07)*° 2.2 (0.65)*>¢ 1.5 (0.03)>"
Untreated 24 (Ol |)a'b 2.1 (0_4-4-)3'b'C 1.6 (0.04)a.b.c
p-value <0.0001 <0.0001 <0.0001

§ Value were summarized as mean (std).
2bedegionificantly different from.
?IDO-exosome.

®Vector-exosome.

‘BMSC-exosomes.

9mycophenolate mofetil.

untreated.

BMSC: bone marrow mesenchymal stem cell; IDO: indoleamine 2,3-dioxygenase.

Table S6) were selected for further analysis. Our results
showed that FHL-1 was a key protein related to immunity
in IDO-BMSC-exosomes.

Functional Classification of Differentially
Quantified Proteins

According to the Gene Ontology (GO) annotation informa-
tion of identified proteins (Supplemental Fig. S1, Table S3
and S4), we calculated the number of differentially expressed
proteins in each GO term of level 2 (IDO-BMSC/NC; Sup-
plemental Table S1 and S2). The GO-based enrichment anal-
ysis of upregulated and downregulated proteins is shown in
Supplemental Fig. S2. The pathway obtained from KEGG
pathway enrichment, and the KEGG-based enrichment anal-
ysis of upregulated and downregulated proteins are shown in
Supplemental Figs S3 and S4.

Functional Enrichment-Based Clustering
for Protein Groups

Hot plots were delineated according to the Pearson’s corre-
lation coefficient, which was used to evaluate the relation-
ship between two groups. A coefficient close to —1 was
defined as a negative correlation; a coefficient close to 1 was
defined as a positive correlation; when the coefficient was
close to 0, no relationship was shown. In Supplemental Fig.
S5, red represents a coefficient of 1; green represents a coef-
ficient of —1; white represents a coefficient of 0 (Supple-
mental Fig. S5).

Identification of Immune-Related microRNAs in
IDO-BMSC-Exosomes

Our study employed small RNA sequencing to detect the
immune-related microRNAs in IDO-BMSC-exosomes.
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Figure 5. Surface marker expression at 48 hours (in-vivo experiments).

Differences in microRNAs meeting condition 1 and condi-
tion 2 as above described between IDO/BMSCs, between
IDO/NC and between BMSCs/NC were determined accord-
ing to the following criteria: a significant difference was
defined if FC > 1.5 or <0.67, and p<0.05. The top 20 key
microRNAs which were upregulated or downregulated in
IDO/BMSCs were subjected to KEGG and GO enrichment
(Supplemental Table S7), and the microRNAs related to
immunity were further analyzed. Results showed miR-540-
3p was a key microRNA which was upregulated, and miR-

338-5p was a key microRNA which was downregulated
(Supplemental Table S8).

Discussion

In this study, we investigated the molecular mechanisms of
immunosuppression mediated by exosomes derived from
IDO1-overexpressing BMSCs. We established a rat heart
transplantation model to investigate immune and functional
changes in transplanted animals treated with exosomes
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Figure 6. Surface marker expression at 72 hours (in-vivo experiments).

derived from IDO-BMSCs. Small RNA sequencing and
TMT quantitative proteomics were used to identify
exosome-mediated changes in miRNA expression. Our data
showed that (1) Exosomes secreted by IDO-BMSCs regu-
lated the activity of DCs, T-cells and cytokines to improve
the survival of the transplanted heart. (2) Transplanted rats
injected with exosomes secreted by IDO-BMSCs exhibited
significantly lower infiltration of inflammatory cells com-
pared with rats injected with exosomes from other groups.
(3) Animals treated with IDO-BMSC-secreted exosomes had

a significantly higher EF and FS. (4) Exosomes secreted by
IDO-BMSCs exhibited upregulation of immunoregulatory
protein FHL-1. (5) miR-540-3p was the most highly upre-
gulated microRNA, and miR-338-5p was the most
downregulated microRNA in exosomes secreted by IDO-
BMSCs compared with the other groups of exosomes.
Donor-derived MSCs were previously shown to induce a
profound T-cell hyporesponsiveness and to prolong survival
of cardiac allografts in a mouse model via expansion of
donor-specific Tregs, and inhibition of anti-donor Thl
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Figure 7. Surface marker expression at 96 hours (in-vivo experiments).

activity’>. This immunoregulatory activity has been shown
to be associated with a number of factors: (1) MSCs cannot
activate heterologous> or allogeneic lymphocytes possibly
because they do not express MHC-II and costimulatory
molecules like CD80, CD86 and CD40°. These findings
support the use of allogeneic MSCs (such as cord blood-
derived MSCs) in the clinical treatment of diseases. (2)
MSCs inhibit the activation and proliferation of T and B
lymphocytes, which are mostly arrested in the GO/G1

phase®’%. MSCs also secrete soluble cytokines (such as
IL-6 and macrophage-CSF) which interfere with the differ-
entiation, maturation and function of DCs*’. (3) MSCs
release anti-inflammatory and anti-apoptotic molecules to
repair the microenvironment of injured tissues and protect
these tissues™. In addition to the treatment of graft-versus-
host disease (GVHD), allogeneic stem cell transplantation
with MSCs has been used to treat a number of immune
diseases such as autoimmune type I diabetes*', rheumatoid
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o AT arthritis (RA)*?, systemic lupus erythematosus** and multi-
P13 0% _% 0% of o2 n 3 ple sclerosis (MS)***°. BMSCs have been shown to exert
F|lmohavw=-%0¥==KNx9o . . . . .
BSNSNOWMSUSNS G their therapeutic effects via leukocyte-induced immune tol-
erance mediated by CD47/CD25% " Tregs and CD8/
CD28 Tregs, and are increasingly being used in clinical
@ practice®®.
2 - Our present in-vitro data showed that (1) exosomes from
3 T3 3 8 % oz 3 IDO-BMSCs incubated with DCs regulated DC activity by
<|08P3hIaERsRAs downregulation of CD40, CD86, CD80, MHC-II, CD45RA,
2 -~ - v = CD45RA+CD45RB and OX62 and upregulation of CD274
o E expression (2) exosomes from IDO-BMSCs incubated with
»  T-cells increased the number of Tregs and decreased the
*_3 number of CD8+ T-cells, although the number of CD4+
<3 . 5 %% % _ go T-cells remained unchanged (3) exosomes from IDO-
D18 T AT nwd v9 3 o8 bo BMSCs incubated with DCs and T-cells together downregu-
§|8-g3gsgon-gdsg = lated CD40, CD86, CD80, MHC-II, CD45RA,
5  CD45RA+CD45RB and OX62, upregulated CD274 expres-
§ sion, increased the number of Tregs, and decreased the num-
- - p S ber of CD8+ T-cells, although the number of CD4+ T-cells
X TR S-S B E remained unchanged. (4) Expression of IDO RNA was high-
3 elgssgzd92ngIrss § est in the group where exosomes from IDO-BMSCs were
T Y A incubated with DCs and T-cells. (5) Exosomes from IDO-
‘;’- BMSCs incubated with DCs and T-cells had significantly
. e 2 lower levels of pro-inflammatory cytokines such as IL-1a,
3 T 08 3 903 E s 5 IL-4, IL-1B, IL-2, IFNYy and IL-18, but significantly higher
% St 3uRETES=383 2 levels of anti-inflammatory cytokines such as IL-10, TGFfl1,
ot AaMnmMANTOONO —OO = .
- o, s T v = TGFB2 and TGFB3 compared with the other groups. Our
g  data agreed with recent data which showed that exosomes
g derived from MSCs of healthy donors suppressed the levels
ol & _ _ _ s _ 2 of pro-inflammatory TNFa and IL-1, increased the levels
é A XA ﬂ,ﬁ& A g g of anti-inflammatory TGFp, and increased the number of
mevewmoemwmemnoenaeg €  Tregs during in-vitro culture*’.
g In our present study, rats which underwent ectopic heart
0 =~ transplantation were injected with exosomes from the differ-
@ . % . s 2 2 ent BMSC groups. Our data showed that (1) EF and FS were
El8|¢ 3 & 5 5 & 3 5 Coni ; i :
S8 zbntms ot 23,28 %  improved significantly in rats injected with exosomes from
3| Y| NScdcesoNcsoumog é IDO-BMSCs. (2) Transplanted rats injected with exosomes
"; ~  from IDO-BMSCs had significantly lower levels of CDA40,
£ E CD86, CD80, MHC-II, CD45RA and CD45RA+CD45RB,
i—':, P T E significantly higher levels of CD274, and significantly
£ g § 0% L3 8 o8 _a 8 é higher numbers of Tregs compared with other groups. (3)
210 9S%sis?s&ssas g £ Transplanted rats injected with exosomes from IDO-BMSCs
Q 8 had significantly lower levels of serum IL-1a, IL-4, IL-1p,
] = IL-2, IFNy and IL-18, and significantly higher levels of
5 o g serum IL-10, TGFB1, TGFB2 and TGFB3 compared with
ﬁ § a § a § a § a § o) § a 73 g the other groups. (4) Transplanted rats injected with exo-
§ ETETETETETET L E E somes from IDO-BMSCs had significantly lower numbers
H 2 £ of infiltrated inflammatory cells compared with the other
& [ g groups. Our data suggested that exosomes from IDO-
b o & = & g § T €  BMSCs regulated DCs, T-cells and cytokine secretion to
§ £ % 5 N S "g § improve survival of transplanted heart. Our data were con-
5 g § g E 5 % 3 % g E sistent with a previous mouse study which showed that exo-
: 5 % 2 %" “é g 80 5 2 somes from IDO-overexpressing DCs inhibited the
P g @ G _g g - :%o b3 c; 3 i;i £ 8 progression of collagen-induced arthritis, and inhibited the
% o ¢ 4 § § £ 3 o & L85 EY DTH response, and these effects were partially dependent on
- 8 £ 5 £ 5 2 2 823F52%  B7-1 and B7-2*%. Our data also validated previous findings
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Table 13. Expression Levels of IL-1a, IL-4, IL-1 and IL-2 at 48, 96, and 168 h (In-Vivo Experiments).

IL-Tow

IL-4

IL-1B

IL-2

2 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

4 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

7days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

63.5 (1.88)> <
754 (1.69)>%<f
75.8 (3.48)*%=f
82.5 (2.12)*b<ef
98.2 (0.92)*><4f
30.4 (1.77)>><9e
<0.0001

62.7 (1.62)><def
74.1 (1.53)>%f
74.8 (3.60)*%=f
83.0 (0.80)*><°f
106.1 (2.14)>P<d
30.5 (1.93)*<<e
<0.000

61.4 (1.77)>cef
72.8 (1.13)>%=f
74.0 (3.45)>%f
85.4 (1.69)*Pef
107.5 (1.41)>><df

7.4 (0.27)>def

8.4 (0.46)>°

8.1 (0.03)>=f

8.7 (0.31)*<f

9.1 (0.00)>"<f

45 (o.la)a,b,c.d.e
<0.000

7.0 (0.03)°%=f
7.1 (0.06)>%=F
7.5 (0.32)*Pd=f
8.8 (0.25)>><=f
9.3 (0.13)0<4f
4.8 (0.15)*><de
<0.0001

6.5 (0.28)><=f
7.0 (0.09)><=f
7.4 (0.28)>4=f
8.8 (0.22)>°<=f
9.4 (0.12)0<4f

125.3 (1.53)><def
178.7 (0.58)><f
171.4 (1.04)>><ef
184.6 (4.42)><f
275.8 (6.64)><4f
135.2 (1.68)*P<de
<0.0001

118.3 (2.08)><df
166.7 (0.58)>%=
168.5 (0.98)>%=
187.3 (3.03)>><=f
274.3 (10.31)>P<df
134.9 (1.30)*><d
<0.0001

115.9 (3.36)><%ef
164.8 (0.81)>%=f
167.1 (1.01)>%=f
184.7 (2.08)>><=f
275.8 (10.41)>><9f

64.0 (2.10)><ef
75.4 (3.82)*°
77.5 (3.02)>°
77.5 (3.00)*°f
97.6 (1.53)*><4f
48.4 (4.33)*Pcde
<0.0001

62.7 (2.58) <%
74.7 (3.15)*°
76.7 (2.55)>°
78.6 (2.52)*°
96.7 (1.15)*><4f
49.3 (6.98)*><%°
<0.000

61.8 (2.17)>cef
73.1 (3.51)>%f
75.6 (2.59)*°f
80.2 (2.34)*=f
97.6 (1.20)>><4f

Normal 30.4 (1.37)~%e 4.9 (0.13)>P%e 134.1 (0.90)><%¢ 48.5 (5.41)*><4e
p-value <0.0001 <0.0001 <0.0001 <0.0001
BMSC: bone marrow mesenchymal stem cell; IDO: indoleamine 2,3-dioxygenase; IL: interleukin.
Table 14. Expression levels of IL-10, IFNy and IL-18 at 48, 96, and 168 h (In-Vivo experiments).

IL-10 IFNy IL-18

2 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

4 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

7 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

4340 (4.36)>c%f
399.7 (4.93)<f
390.8 (3.02)%°f
370.0 (2.00)*5<=f
271.7 (9.29)*0<

241.1 (14.38)*P<d

<0.0001

476.0 (8.66)><%°f
402.0 (6.08)>%=f
392.2 (3.65)%f
371.4 (2.23)>0cf
271.7 (8.43)>P<df

240.9 (14.81)*°<d*

<0.0001

484.3 (4.93)Pcdef
4112 (7.81)><%=f
387.7 (3.06)*>4=f
371.3 (1.15)8cef
270.6 (9.21)><4f

242.3 (15.53)*P<de

<0.0001

67.2 (2.14)><ef
75.3 (2.26)*
77.1 (2.42)>
74.0 (1.52)*f
93.6 (2.19)*>=df
32.1 (4.91)>0cde

<0.0001

66.2 (2.66)>4ef
74.0 (2.31)*f
76.2 (2.85)*°f
75.1 (3.28)
95.0 (0.41)>><df
31.8 (3.83)>0cde

aef

<0.0001

65.1 (2.81)><ef
73.0 (2.11)*f
75.5 (2.67)*f
75.6 (3.07)*f
96.0 (0.39)><f
32.1 (5.02)>0<de

<0.0001

143.7 (0.58)><%*
172.0 (1.99)*
175.3 (2.52)*°
187.0 (2.00)>=
246.7 (25.50)><f
152.0 (3.04)><de
<0.000

143.2 (0.59)><4e
164.6 (1.13)>%
166.3 (0.91)*%
188.2 (1.87)*><=f
258.1 (26.33fvbvc'dvf
151.7 (3.66)%°
<0.0001

141.7 (0.85)><%*
163.4 (1.11)>%e
165.3 (0.48)>%
189.3 (2.13)><ef
259.6 (25.0933*’@-"-f
150.6 (3.88)%°
<0.0001

§ Value were summarized as mean (SD); Unit: pg/ml.

abedef gionificantly different from

2IDO-BMSCs exosome,
®Vector-BMSCs exosome,
°BMSCs exosome,
9mycophenolate mofetil,
®untreated,

fnormal.

BMSC: bone marrow mesenchymal stem cell; IDO: indoleamine 2,3-dioxygenase; IFN: interferon; IL: interleukin; SD: standard deviation.
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Table 15. Expression Levels of TGF1, TGFf2 and TGF(33 at 48, 96, and 168 h (In-Vivo Experiments).

TGFBI

TGFp2

TGFpB3

2 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

4 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

7 days
IDO-BMSC-exosome
Vector-BMSC-exosome
BMSC-exosome
Mycophenolate mofetil
Untreated

Normal

p-value

120,612.0 (4101.59)><=
78,600.7 (1 786.68)2”‘1“"'f
79,978.7 (1585.51)>¢=f
53,717.3 (20 | 3)a.b.c,e,f
38,809.3 (595.69)3":""1’f
23,709.0 (1240.02)>><4=

<0.0001

145,572.7 (2532.86)><%=f
85,269.0 (260.32)><%=f
89,234.3 (1388.87)"%f
52,235.7 (65.68)>><=f
38,656.3 (286.31)*><4f
23,992.3 (1513.4)*><de

<0.0001

155,415.7 (2013.15)><d=f
86,600.7 (284.50)><=f
90,301.3 (552.47)*><ef
51,585.0 (58.92)>><°f
37,780.0 (16.82)*><4f
24,418.0 (1255.7)*P<de

<0.0001

5098.7 (102.26)><ef
2553.3 (25.32)><%f
2303.0 (16.70)>>%=f
1827.7 (12.70)>><=f
916.0 (1.73)><4f
527.3 (24.68)*P<4e
<0.0001

5253.0 (44.24)><df
2906.6 (59.28)>%=f
2559.7 (4.51)>0ef
1744.3 (25.01)>><ef
858.3 (42.34)>>=4f
518.9 (0.00)>"<%¢
<0.0001

5397.7 (63.67)><%f
2971.3 (14.57)>%f
2962.0 (14.71)>4=f
1660.7 (43.75)*>=f
833.9 (16.75)*><df
521.8 (13.16)*P<d*
<0.0001

66.7 (0.00)> <=
43.1 (0.00)>=f
455 (2.03)%=f
482 (1.91)bcef
35.3 (1.90)>><df
29.7 (0.00)*P<4e
<0.0001

78.7 (1.73)>cdef
447 (0.00)><=
47.7 (0.86)*P=f
46.2 (0.85)>f
34.5 (1.17)>bedf
29.2 (1.00)*><<
<0.000

88.3 (1.53)><def
45.4 (0.30)><=f
49.8 (0.30)>>%=f
435 (1.25)>=f
32.8 (1.53)><
30.2 (1.00)*P<de
<0.0001

§ Value were summarized as mean (SD); Unit: pg/ml.
abedef gionificantly different from

2IDO-BMSCs exosome,

®Vector-BMSCs exosome,

*BMSCs exosome,

dmycophenolate mofetil,

funtreated,

fhormal.

Functional Classification of Differentially Quantified Proteins
GO Classification of Terms Level 2

Based on GO annotation information of identified proteins, we calculated the number of differentially expressed proteins in each GO term of level 2 (IDOI/

NC-BMSC).

BMSC: bone marrow mesenchymal stem cell; GO: gene ontology; IDO: indoleamine 2,3-dioxygenase; IFN: interferon; IL: interleukin; SD: standard deviation;

TGF: transforming growth factor.

that showed that exosomes derived from MSCs reduced
inflammation and improved heart function in a rat myocar-
dial infarction model, and this effect was superior to that
seen with MSCs alone®.

We used proteomics with TMT-labeled quantification
of peptides to show that FHL-1 was the most highly
upregulated protein in exosomes from IDO-BMSCs.
FHL-1 has been reported to inhibit proliferation and
migration of cancer cells®’, inhibit IGF / PI3 K signal
transduction, and activate endoplasmic reticulum (ER)
signal transduction, leading to the inhibition of down-
stream Akt activation’'. The resulting inhibition of mam-
malian target of rapamycin (mTOR) is thought to mediate
immunotolerance after transplantation.

We used small RNA sequencing to detect immune-
related microRNAs in exosomes from IDO-BMSCs. We
found that miR-540-3p was the most highly upregulated

microRNA, and miR-338-5p was the most highly down-
regulated microRNA in these exosomes compared with
exosomes from the other groups. Previous studies reported
that upregulation of miR-338-5p inhibited the proliferation,
metastasis and invasion, and promoted apoptosis in a num-
ber of cancer cells*>>*. Although our present study showed
a significant downregulation of miR-338-5p expression in
exosomes from IDO-BMSCs, the entry of miR-338-5p into
receptor cells actually increased the concentration of miR-
338-5p in receptor cells (data not shown). Gene prediction
data showed that RAG2 is a downstream target gene which
is negatively regulated by miR-338-5p>>. RAG2 encodes a
protein involved in the initiation of V(D)J recombination
during the development of B-cells and T-cells. Although
our data suggested that miR-338-5p could downregulate
RAG?2 in order to mediate immunotolerance, it is important
for future studies to investigate in greater detail the role of
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Figure 8. Representative images of H&E staining of heart tissue from transplanted animals 2 days after treatment with different exosome
groups. (2) IDO-BMSC-exosomes: myocardial cells had edema. Some infiltration of inflammatory cells. (b) Vector-BMSC-exosome: myo-
cardial cells had edema. Inflammatory cell infiltration between cells was greater than the IDO-BMSC-exosome group. (c) BMSC-exosome:
myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-exosome group and similar to the vector-BMSC-
exosome group. (d) Mycophenolate mofetil: myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-
exosome group and similar to the vector-BMSC-exosome group. (e) Untreated: myocardial cells had edema. Inflammatory cell infiltration
was more than the IDO-BMSC-exosome, vector-BMSC-exosome, and BMSC-exosome groups. There were some dead myocardial cells. (f)
Normal: myocardial cells arranged in a regular shape and no edema seen.

BMSC: bone barrow mesenchymal stem cell; H&E: hematoxylin and eosin; IDO: indoleamine 2,3-dioxygenase.

miR-338-5p in immunomodulation after heart transplanta-
tion. Gene prediction also showed that JAK3 is a down-
stream target of miR-540-3p. JAK3 protein is expressed in
hematopoietic cells and epithelial cells and is thought to be
an immune activator’®. Our data suggested that high
expression of miR-540-3p in exosomes from IDO-BMSCs
could exert a negative regulatory effect on JAK3 to induce
tolerance. Interestingly, it was previously reported that

although exosomes derived from MSCs had a mostly sim-
ilar miRNA profile as that of the MSCs, the expression of
some miRNAs were significantly different, and this differ-
ence was thought to explain the superiority of therapeutic
benefit seen in exosomes over MSCs*. It will be interest-
ing to further analyze differences in miRNA expression
profiles in our study and correlate the differences with ther-
apeutic benefits.
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Figure 9. Representative images of H&E staining of heart tissue from transplanted animals 4 days after treatment with different exosome
groups. (a) IDO-BMSC-exosomes: myocardial cells had edema. Some infiltration of inflammatory cells. (b) Vector-BMSC-exosome: myo-
cardial cells had edema. Inflammatory cell infiltration between cells was greater than the IDO-BMSC-exosome group. (c) BMSC-exosome:
myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-exosome group and similar to the vector-BMSC-
exosome group. (d) Mycophenolate mofetil: myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-
exosome group and similar to the vector-BMSC-exosome group. There were some dead myocardial cells. (e) Untreated: myocardial cells
had edema. Inflammatory cell infiltration was more than the IDO-BMSC-exosome, vector-BMSC-exosome, and BMSC-exosome groups.
There were many dead myocardial cells. (f) Normal: myocardial cells arranged in a regular shape and no edema seen.

BMSC: bone barrow mesenchymal stem cell; H&E: hematoxylin and eosin; IDO: indoleamine 2,3-dioxygenase.

Conclusion

In this study, we established a rat heart transplantation model
in which transplanted animals were injected with exosomes
derived from different groups of BMSCs. We showed that
exosomes secreted by IDO-BMSCs mediated a (1) decrease
in the serum levels of pro-inflammatory cytokines such as
IL-1a, IL-4, IL-1B, IL-2, IFNYy, and IL-18; (2) an increase in

the serum levels of anti-inflammatory cytokines such as IL-
10, TGFB1, TGFP2, and TGFR3; (3) an improvement in EF
and FS; and (4) a decrease in infiltration of inflammatory
cells compared with exosomes from other groups of BMSCs.
Our data demonstrated the potential therapeutic use of exo-
somes derived from IDO-BMSCs, which can be used as a
cell-free approach to promote immunotolerance and prolong
the survival of cardiac allografts.
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Figure 10. Representative images of H&E staining of heart tissue from transplanted animals 4 days after treatment with different exosome
groups. (a) IDO-BMSC-exosomes: myocardial cells had edema. Some infiltration of inflammatory cells. (b) Vector-BMSC-exosomes:
myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-exosome group. Some dead myocardial cells
were seen. (c) BMSC-exosomes: myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-exosome group
and similar to the vector-BMSC-exosome group. Some dead myocardial cells were seen. (d) Mycophenolate mofetil: myocardial cells had
edema. Inflammatory cell infiltration was more than the IDO-BMSC-exosome group and similar to the vector-BMSC-exosome group. Many
dead myocardial cells were seen. (e) Untreated: myocardial cells had edema. Inflammatory cell infiltration was more than the IDO-BMSC-
exosome group, the vector-BMSC-exosome group, and the BMSC-exosome group. (f) Normal: myocardial cells arranged in a regular shape
and no obvious inflammatory cell infiltration seen.

BMSC: bone barrow mesenchymal stem cell; H&E: hematoxylin and eosin; IDO: indoleamine 2,3-dioxygenase.
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