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Abstract

Background and aims Allogeneic human umbilical mesenchymal stem cells (alloUMSC) are convenient cell source for stem
cell-based therapy. However, immune rejection is a major obstacle for clinical application of alloUMSC for cardiac repair
after myocardial infarction (MI). The immune rejection is due to the presence of human leukocyte antigen (HLA) class I
molecule which is increased during MI. The aim of this study was to knockout HLA light chain ,-microglobulin (B2M) in
UMSC to enhance stem cell engraftment and survival after transplantation.

Methods and results We developed an innovative strategy using CRISPR/Cas9 to generate UMSC with B2M deletion
(B2MUMSC). AlloUMSC injection induced CD8* T cell-mediated immune rejection in immune competent rats, whereas
no CD8™ T cell-mediated killing against B2M UMSC was observed even when the cells were treated with IFN-y. Moreover,
we demonstrate that UMSC-derived exosomes can inhibit cardiac fibrosis and restore cardiac function, and exosomes derived
from B2ZM"UMSC are more efficient than those derived from UMSC, indicating that the beneficial effect of exosomes can
be enhanced by modulating exosome’s imprinting. Mechanistically, microRNA sequencing identifies miR-24 as a major
component of the exosomes from B2M"UMSCs. Bioinformatics analysis identifies Bim as a putative target of miR-24.
Loss-of-function studies at the cellular level and gain-of-function approaches in exosomes show that the beneficial effects
of B2M"UMSCs are mediated by the exosome/miR-24/Bim pathway.

Conclusion Our findings demonstrate that modulation of exosome’s imprinting via B2M knockout is an efficient strategy to
prevent the immune rejection of alloUMSC:s. This study paved the way to the development of new strategies for tissue repair
and regeneration without the need for HLA matching.
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Introduction effectiveness, and availability [1, 2]. However, alloUMSCs

carry the risk of triggering an immune rejection, particularly

The use of allogeneic human umbilical mesenchymal stem
cells (alloUMSCs) offers several advantages over autologous
bone marrow MSCs, including better quality control, cost
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in an ischemic environment, that limits their use for tissue
repair [3]. Immune rejection is particularly problematic with
transplanted allogeneic cells when their human leukocyte
antigen (HLA) types are not matched to those of the recipi-
ent. To reduce the likelihood of rejection, recipients are
often treated with immunosuppressive drugs, which have
considerable adverse effects including infection [4]. Thus,
immune rejection remains a major obstacle for the clinical
application of alloUMSC-based therapy.

Immune rejection is mediated by the HLA molecules,
which are divided into class I (HLA-I) and class II (HLA-
II) antigens. The HLA-II antigens are expressed in antigen-
presenting cells, such as dendritic cells, macrophages, and
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B cells. In contrast, HLA-I antigens are expressed in most
cell types, including stem cells. HLA-I presents antigenic
peptides to CD8" T cells, which can attack transplanted
cells. Moreover, HLA genes are highly polymorphic, which
presents a challenge for matching donor and recipient for
transplantation [5, 6]. HLA-I consists of a heavy-chain and a
light-chain 2-microglobulin (B2M). Disruption of the B2M
gene completely disables the function of HLA-I molecules
[6]. MSCs including UMSCs do not express HLA-II [7, 8],
but do express HLA-I, which is upregulated in the ischemic
and inflammatory milieu of infarcted myocardium. B2M
ablation by CRISPR/Cas9 technology has been used to gen-
erate universal hematopoietic stem cells [9]. However, B2M
has not been deleted from human UMSCs using CRISPR/
Cas9, and it is not known whether B2M deletion could alter
the functions of UMSCs.

The beneficial effects of MSCs including UMSCs have
been attributed to the secretion of paracrine factors that are
transported by exosomes [10-12]. Exosomes are membrane
vesicles with a diameter between 30 and 150 nm and are
known to transport functional proteins, mRNAs, and micro-
RNAs (miRNAs) [13-15]. MSC-derived exosomes have
been shown to improve heart function after myocardial
infarction (MI) [16-19]. However, the underlying mecha-
nisms, including the role of miRNAs in mediating the effects
of exosomes, are not fully known. MiR-24 positively regu-
lates cardiac functions [20, 21], but it is unknown whether
exosomes contain miR-24, and whether it plays a role in
exosome-mediated cardiac repair. Likewise, it is not known
whether deletion of the B2ZM gene could alter exosome’s
imprinting and enhance the beneficial miR-24 mediated par-
acrine effects of UMSCs.

In this study, we developed an innovative strategy to
generate human alloUMSCs in which the B2M gene was
knocked out (B2MUMSCs) using CRISPR-Cas9 technol-
ogy, and investigated the effects of genetically modified
B2M"UMSCs on immune rejection and cardiac repair in a
rat model of MI.

Materials and methods
Harvest and identification of UMSC exosomes

Human umbilical mesenchymal stem cells (UMSCs) derived
from Wharton’s jelly of the cord (purchased from Jiangsu
Heze Biotechnology Co., Ltd., China) were cultured in Dul-
becco’s modified Eagle’s medium/F12 containing 20% fetal
bovine serum (FBS) that had been centrifuged at 100,000g
to eliminate preexisting bovine-derived exosomes. After
48 h of culture, exosomes were isolated from the supernatant
using a total exosome isolation kit (Life Technologies) that
yields large quantities of purified exosomes. The medium
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from UMSC cultures was centrifuged at 2000g for 30 min to
remove dead cells and debris, and then transferred to a new
tube containing 0.5 volumes of the Total Exosome Isolation
reagent. The mixture was incubated at 4 °C overnight and
centrifuged at 10,000g for 1 h at 4 °C. The pellets were re-
suspended in phosphate-buffered saline (PBS) and stored
at — 80 °C. The protein concentration of UMSC exosomes
was determined using a BCA protein assay kit (Takara). The
morphology of UMSC exosomes was revealed by transmis-
sion electron microscopy, and the phenotype was analyzed
by flow cytometry and Western blot. Because exosomes are
too small to be directly captured by flow cytometry, they
were attached to aldehyde/sulfate latex beads (4 pm; Molec-
ular Probes; Invitrogen) to amplify the signal. The pre-bound
exosomes were incubated with a fluorescein isothiocyanate-
conjugated antibody against CD63 (catalog ab18235, clone
MEM-259, Abcam), a specific marker for exosomes, and
the protein expression level of CD63 was assessed by flow
cytometry. The diameter distribution of exosomes was also
analyzed by Nanosight.

Ml induction and implantation of UMSCs and UMSC
exosomes

All animals were from the Experimental Animal Center
of Soochow University (Suzhou, China), and the animal
experiments were approved by the Animal Care and Use
Committee of Soochow University. MI was induced in male
Sprague—Dawley rats (260-280 g) as previously reported
[22-25]. Animals were anesthetized by intraperitoneal injec-
tion of 80 mg/kg pentobarbital, and then the neck and chest
areas were shaved. A chest retractor was positioned within
the fourth intercostal space. After exposing the left ven-
tricle, the left anterior descending (LAD) coronary artery
was ligated with an 8-0 nylon suture. Successful induction
of MI was verified by an immediate color change in the
infarcted area. After the LAD was ligated, PBS (100 pL),
UMSCs (1x10° cells), B2M"UMSCs (1 x 10° cells), or
B2M UMSCs exosomes (100 pg/100 pL) were injected into
two different sites along the infarct border. In sham control
rats, the procedure was identical except that the LAD was
not ligated. Penicillin (1.5 x 10° U/mL) was delivered G(.p.)
after surgery.

Cardiac function

Under anesthesia (1.0% inhaled isoflurane), cardiac func-
tion was evaluated at 1, 7, 14, 28, 42, 56 days after MI by
echocardiography using a 21-MHz transducer (Visual Son-
ics). The left ventricular ejection fraction was calculated as
previously described [26]. All procedures and analyses were
performed by a researcher who was blinded to the treatment
groups.
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B2M knockout

We constructed a lentivirus expressing CRISPR/Cas9 and
a CRISPR guide RNA targeting B2M (forward: GACCGA
GTCACATGGTTCACACGGC; reverse: AAACGCCGT
GTGAACCATGTGACTC). The lentivirus particles were
transfected into UMSCs.

Luciferase reporter assays

The 3'UTR of the Bim gene was amplified by PCR and
inserted into the firefly luciferase reporter psiCHECK ™2
vector (Promega). The primers used for Bim 3' UTR were
forward: CCGCTCGAGCTGTGTCGATGTGGACGGAA,
reverse: TTGCGGCCGCAGGGCAACGCCATACTCTTC
. The miR-24 overexpression vector LV3-miR-24 was con-
structed by inserting the miR-24 sequence S: GATCCGT
GGCTCAGTTCAGCAGGAACAGTTCAAGAGACTGTTC
GCTGAACTGAGCCACTTTTTTG, AS: AATTCAAAAA
AGTGGCTCAGTTCAGCGAACAGTCTCTTGAACTGTT
CCTGCTGAACTGAGCCACG into the LV3 vector (LV3:
pGLV-H1-GFP + Puro Vector). HEK293T cells were co-
transfected with 200 ng psiCHECK ™ vector-3' UTR and
600 ng LV3-miR-24 vector in 24-well plates for 48 h using
Lipofectamine 2000. The activity of firefly and Renilla lucif-
erase was analyzed using a dual-luciferase reporter assay
kit (Promega) according to the manufacturer’s instructions.

Western blot

Protein samples were extracted from UMSCs or exosomes
using RIPA buffer with a protease inhibitor cocktail (Beyo-
time Biotechnology, Shanghai, China). The concentrations
of protein in the samples were determined using a BCA
protein assay kit (TaKaRa). Equal amounts of protein were
separated by SDS—polyacrylamide gel electrophoresis and
then transferred to PVDF membranes. The membranes were
blocked with 5% bovine serum albumin (BSA) for 1 h at
room temperature and then incubated with primary antibod-
ies followed by a horseradish peroxidase-conjugated sec-
ondary antibody. The primary antibodies were against B2M
(1:5000, catalog ab75853, clone EP2978Y, Abcam, Inc.) and
Bim (1:1000, catalog ab32158, clone Y36, Abcam, Inc). All
proteins were visualized with an ECL chemiluminescence
kit and luminescence was measured with a BioRad lumines-
cent imaging system.

Electron microscopy

Exosomes were re-suspended in PBS, placed on a formvar-
coated copper grid, and incubated for 30 min as previously
described [27]. The grid was washed with PBS and samples
were fixed in 2% paraformaldehyde for 10 min. The samples

were washed several times with deionized water and then
incubated with 2% uranyl acetate for 15 min. Samples were
embedded in a drop of 0.13% methyl cellulose and 0.4%
uranyl acetate for 10 min. The grid was examined in a JEOL
JEM 1230 transmission electron microscope and images
were captured by a CCD digital camera.

Loading miR-24 mimic into exosomes

The loading of exosomes with miRNA-24 mimic or scram-
bled mimic was based on a previously optimized protocol
[27, 28]. Briefly, re-suspended exosomes were diluted in
P1 primary cell solution (Lonza, USA) to a final concentra-
tion of 1 pg/pL. The human miRNA-24 mimic (RiboBio,
Guangzhou, China) or scrambled miRNA mimic control
(500 pmol) was added to a 200 pL sample containing 1 pg/
pL exosomal protein. The mixture was transferred into a
cold electroporation cuvette and electroporated accord-
ing to the human MSC electroporation protocol using a
4D-Nucleofector™ System (Lonza). Immediately after
electroporation, the mixture was treated with one unit of
RNase A (Takara, Tokyo, Japan) for 30 min to degrade the
free-floating miRNA mimic. RNase A was then deactivated
by adding 2 pL. RNase inhibitor (Takara) and exosomes were
re-isolated using a Total Exosome isolation kit (Life Tech-
nologies) following the manufacturer’s instructions. The
final pellet (exosomes) was re-suspended in PBS, divided
into 100-pL aliquots, and stored at — 80 °C.

MicroRNA and DNA quantification

Total RNA from UMSCs, B2M"UMSCs, and their respec-
tive exosome preparations were extracted using TRIzol rea-
gent (Life Technologies). RNA concentrations were veri-
fied using a spectrophotometer (NanoDrop). Equal amounts
of RNA (1 pg) were reverse-transcribed using the Revert
Aid First Strand cDNA Synthesis Kit (Thermo Scientific).
Bulge-loop™ miRNA qRT-PCR primer sets (one RT primer
and a pair of qPCR primers per set) specific for has-miR-24,
cel-miR-39, and U6 were designed by RiboBio. The expres-
sion levels of miRNAs were determined by qRT-PCR with
Takara SYBR Premix Ex Taq in a Stepone Plus Real-Time
PCR system (Applied Biosystems). C, values for cells were
averaged and normalized to the U6 RNA, and C, values
for exosomes were averaged and normalized to the cel-
miRNA-39 [29]. All experiments were repeated at least three
times. Relative expression was determined using the AA®
comparative threshold method. Genomic DNA was isolated
from rat myocardium using the Genomic DNA isolation Kit,
and PCR was performed to determine the expression of Alu
(with 200 ng genomic DNA template per sample).
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Synthesis and administration of miR-24 inhibitor

The miR-24 inhibitor was designed and synthesized as
unconjugated and fully phosphorothiolated oligonucleotides
by RiboBio. miR-24 inhibitor or negative control (scrambled
locked nucleic acid oligonucleotide) at a final concentration
of 100 nM was transfected into B2M"UMSC:s for 48 h using
Lipofectamine 2000.

ELISA

Serum TNF-a level was determined by ELISA following
the manufacturer’s instructions (TNF-o ELISA kit: Ther-
moFisher Scientific).

Cytolytic assay

Cytolytic assays were performed as previously described [6].
Briefly, CD8* T cells were isolated from human peripheral
blood mononuclear cells by Ficoll density-gradient cen-
trifugation followed by further purification using a CD8"
T cell isolation kit (StemCell Technologies, Vancouver,
Canada). The cells were cultured in RPMI 1640 containing
10% FBS with 50 U/mL human IL-2 for 48 h prior to assay.
The cytotoxic activity of CD8" T cells against UMSCs and
B2M™UMSCs was assessed using a cytotoxicity detection
kit (Roche Applied Science, Indianapolis, IN). The UMSCs
and B2M"UMSCs were re-suspended at 2 x 10%mL in assay
medium, and 100 pL cell suspension was added to each
well of a 96-well plate. CD8* T cells in 100 pL of assay
medium were then added and mixed with the target cells
at various effector/target (E/T) ratios (25:1, 12.5:1, 6.25:1,
and 3.125:1). After co-culture for 3 h, the 96-well plates
were centrifuged at 250 g for 10 min, and the supernatant
was transferred to new 96-well plates, mixed with 100 pL
reaction mixture, and incubated for 30 min at room tempera-
ture. The reaction was terminated and the absorbance of the
samples was detected at 490 nm.

Immunofluorescence staining of CD8, complement
C3 and CD68

For immunofluorescence staining, the remainder of the heart
was soaked in 20% sucrose solution for 4 h, embedded in
OCT and kept in — 80 °C freezer. Frozen sections (5 pm)
were incubated with rabbit anti-CD8 antibody (1:100; cata-
log bs0648R, Bioss Inc., Woburn, MA, USA) or rabbit anti-
complement C3 antibody (1:100; catalog A00168-1, Boster
Biological Technology, Wuhan, China), or mouse anti-CD68
antibody (1:200, ab31630, Abcam) overnight at 4 °C. After
washing, the sections were incubated with goat anti-rabbit
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IgG (ab150077, Alexa Fluor® 488, Abcam) or goat anti-
rabbit IgG-FITC (sc2010, SANTA) at 2 ug/mL for 1 h. The
sections were finally incubated with DAPI to stain nuclei.

Immunofluorescence staining of HLA-I

UMSCs and B2M"UMSCs were fixed in 4% PFA for 30 min
at room temperature and then blocked with 5% BSA in PBS
for 1 h at room temperature. The cells were incubated with
mouse anti-human HLA class I mAb (catalog ab22432,
clone W6/32, Abcam, Inc) at 1:100 in 5% BSA overnight
at 4 °C. After washing, the cells were incubated with the
secondary antibody goat anti-mouse IgG (ab150113, Alexa
Fluor® 488, Abcam) at 2 ug/mL for 1 h at room temperature.
Nuclei were stained with DAPI.

Statistical analysis

The data are expressed as the mean + SEM. Multiple com-
parisons were analyzed by ANOVA with post hoc analy-
sis by the Newman-Keuls test. A two-tailed t-test was used
to determine the significance of differences between two
groups. P <0.05 was considered statistically significant.

Results
Generation and characterization of B2M"UMSCs

MSCs do not express HLA-II [7, 8], but do express HLA-I.
The latter is increased in the ischemic and inflammatory
milieu after MI. Disruption of the B2M gene completely
disables the function of HLA-I [6]. Thus, in order to knock
out the B2M gene and generate alloUMSCs that are resist-
ant to immune rejection for clinical applications, we con-
structed recombinant lentiviruses expressing CRISPR/Cas9
and a CRISPR guide RNA targeting the B2M locus (forward:
GACCGAGTCACATGGTTCACACGGC; reverse: AAA
CGCCGTGTGAACCATGTGACTC) (Fig. 1a). Transduc-
tion of UMSCs with the recombinant viruses led to suc-
cessful ablation of the B2M gene (B2M UMSCs). Efficient
ablation of B2M was confirmed by Western blot analysis
(Fig. 1b). Importantly, knockout of B2M did not alter the
expression of the MSC markers CD90 and CD105 (Fig. 1c)
and the cells retained the typical spindle-shaped morphol-
ogy (Fig. 1d). Expression of HLA-I was analyzed by flow
cytometry and immunostaining, which showed that it was
expressed in UMSCs but not in B2M"UMSC:s (Fig. le, f).
Treatment with interferon gamma (IFN-vy), a typical pro-
inflammatory cytokine that is known to induce HLA-I
expression [30], induced HLA-I expression in UMSCs, but
not in B2M"UMSC:s (Fig. le, f).
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Fig. 1 Generation and characterization of B2M"UMSCs. a Schematic
diagram of the recombinant lentiCRISPRv2 plasmid targeting B2M.
b Western blots of B2M expression in UMSCs with B2M-knockout.
¢ Flow cytometric analyses showing that UMSCs and B2M~UMSCs
were both positive for CD90 and CD105, but negative for CD34
and CD45. d B2M"UMSCs and UMSCs showed similar morphol-
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IFN-y. f Flow cytometric analysis of HLA-I expression in UMSCs
and B2ZM"UMSCs with and without IFN-y (25 ng/mL)
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«Fig.2 B2M-knockout in UMSCs inhibits immune rejection. a Left
panel: representative immunofluorescence staining showing numer-
ous CD8* T cells infiltrating into UMSC-injected hearts, but CD8*
T cells were rare in the B2M UMSC-injected hearts (scale bars,
50 pm). Right panel: summary of CD8" staining (n=3; *p<0.05,
*#*p<0.01). b Left panel: representative immunofluorescence stain-
ing of a significant amount of C3 complement in UMSC-injected
hearts, but little staining was found in B2M"UMSC-injected hearts
(scale bars, 50 pm). Right panel: summary of C3 staining (n=3;
*p<0.05, **p<0.01). ¢ Flow cytometric analysis of CD8% T cells
isolated from human peripheral blood mononuclear cells. d Cytotox-
icity of allogeneic CD8* T cells toward UMSCs and B2M UMSCs at
different E/T ratios, determined by LDH release assays (**p <0.01).
e LDH release assays of the cytotoxicity of allogeneic CD8' T cells
toward UMSCs and B2M"UMSCs treated with IFN-y (25 ng/mL)
(**p<0.01). f PCR analysis of the expression of Alu in rat myocar-
dium after transplantation

Injection of alloUMSCs in immunologically
competent rats induces immune rejection, which
was inhibited by B2M knockout in UMSCs

Immunologically deficient animals have been used to test
the functions of human stem cells [31, 32], but the effects of
injecting human stem cells into an immunologically compe-
tent rat model of MI are unknown.

B2M, one component of the HLA-I molecule, is known to
induce immune rejection by activating alloreactive CD8* T
cells. To determine whether injection of alloUMSCs induces
immune rejection in immunologically competent rats and
assess whether B2M knockout blunts the immune rejection,
we injected alloUMSCs and B2ZM"UMSCs directly into
the myocardium of wild-type Sprague—Dawley (SD) rats
after the left anterior descending coronary artery (LAD)
was ligated. ELISA assay showed that alloUMSCs induced
immune reaction, but injection of B2M " UMSCs markedly
reduced immune reaction, as evidenced by the TNF-a levels
3 days after injection (PBS=1379 +169 pg/mL, alloUM-
SCs =2827+ 554 pg/mL, B2M"UMSCs =1915 +219 pg/
mL, p <0.05). Moreover, injection of alloUMSCs also
enhanced the recruitment of CD8* T cells and the activity of
complement C3 compared to the PBS-treated control group,
but not in the B2M"UMSCs-treated group (Fig. 2a, b).

To further investigate how T cells react to allogeneic
UMSCs and B2M UMSCs, circulating CD8" T cells were
isolated from blood (Fig. 2c) and analyzed for cytotoxic-
ity against alloUMSCs. The results showed that CD8* T
cells were cytotoxic to alloUMSCs at several effector cell/
target (E/T) ratios, with the most vigorous killing occurring
at the high concentration 25:1, but CD8* T cell-mediated
cytotoxicity was not observed with B2M"UMSCs even at
the highest E/T ratio (Fig. 2d), further supporting the non-
immunogenic nature of the B2ZM"UMSCs. Similarly, CD8*
T cell-mediated cytotoxicity was only modestly increased in
B2M™UMSC:s after treating the cells with IFN-y (Fig. 2e).
To access the retention of the transplanted stem cells, PCR

was performed (with equal quantity template) to analyze
the expression of Alu, a repeated sequence specifically
expressed in primates, but not in rat [33]. The results showed
that there were more B2M™"UMSCs retained in the myo-
cardium than UMSCs 3- and 7 days after transplantation
(Fig. 2f).

To determine the impact of B2M knockout on the func-
tion of NK cells, we analyzed the expression of HLA-E and
HLA-G, which inhibit immune responses by binding to
receptors on NK cells. Our data showed that the expression
of HLA-E was similar to that of HLA-I. B2M knockout did
not alter the expression of HLA-E either in the presence
or absence of IFN-y (Suppl Fig. 1). There was no HLA-G
expression on either UMSC or BZM™UMSC:s (Suppl Fig. 2).
We also analyzed the expression of ULBP3 which is a ligand
that can enhance the killing activity of NK cells. The results
showed that ULBP3 was not expressed on either UMSCs or
B2M UMSCs, even when treated by IFN-y (Suppl Fig. 3).

Collectively, these data demonstrated that alloUM-
SCs, but not B2M"UMSCs, induce CD8™ T cell-mediated
immune rejection in immunologically competent rats. Fur-
thermore, B2M knockout led to better retention of the trans-
planted cells in the rat MI model.

Paracrine effects of B2M"UMSCs

The paracrine effects of UMSCs are known to be medi-
ated by exosomes [34, 35]. To determine whether knock-
out of B2M alters the function of exosomes, we analyzed
the expression levels of the exosome markers CD63 by
flow cytometry, CD63 and TSG101 by Western blotting.
Exosomes were isolated from the conditioned media of
UMSCs and B2ZM"UMSCs, and the expression levels of
CD63 and TSG101 were found to be similar between the
two groups (Fig. 3a, b). Moreover, electron microscopic
examination of the morphology of exosomes derived from
B2M"UMSCs and UMSC:s did not show notable differences
(Fig. 3c). The distribution of the particle sizes were simi-
lar between B2M"UMSCs and UMSCs derived exosomes
(Fig. 3d).

B2M"UMSCs reduces fibrosis and inflammation,
and preserves myocardial function after Mi

To determine whether B2M " UMSC:s retain the full func-
tions of UMSCs, we assessed their efficacy in restoring
myocardial function in a rat model of MI. After undergo-
ing the same surgical procedures, sex- and age-matched
rats were given a single injection in the peri-infarct zone
with one of the following: (1) vehicle (PBS); (2) UMSCs
(1x10° cells/rat); or (3) B2M"UMSCs (1 x 10° cells/rat).
Echocardiography was performed at 1, 7, 14, 28, 42 and
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56 days after the MI. The results showed that the left ven-
tricular ejection fraction (EF) and fractional shorting (FS)
did not significantly differ among the groups at day 1 post-
surgery. However, the EF and FS were markedly higher in
the B2ZM " UMSC-treated and UMSC-treated groups than
in the control group at 42 and 56 days after MI (Fig. 4a—c).
These data showed that delivery of B2M"UMSCs is more
effective than UMSCs to improve cardiac function in a rat
model of MI.

To assess the size of the MI, thin sections of myocar-
dium from rats injected with B2M"UMSCs or UMSCs were
stained with Masson’s trichrome 56 days after LAD liga-
tion. As shown in Fig. 4d, the percentage of fibrotic area in
the entire cross-sectional area and the percentage of fibrosis
length in the entire internal circumference were both sig-
nificantly lower in the groups treated with B2M"UMSCs or
UMSC:s than in the PBS group (Fig. 4e, f).

To determine whether B2M"UMSC treatment affects
inflammation, we injected PBS, UMSCs, and B2M"UMSCs
into the peri-infarct zone. One week after MI induction,
sections were stained with anti-CD68 antibody to iden-
tify infiltrated inflammatory cells in the infarcted myo-
cardium. CD68 expression was significantly lower in the
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B2M"UMSC-treated group than in the PBS- and UMSC-
treated groups (Fig. 4g). Based on the fact that M1 mac-
rophages can be induced by TNF-a or IFN-y from mono-
cytes, and that alloUMSCs stimulated the release of
TNF-a, it is possible that these CD68 positive cells are M1
macrophages.

Therapeutic effects of B2ZM"UMSCs and exosomes
are mediated by miR-24/Bim

To delineate the molecular mechanisms underlying the
beneficial effects of B2M"UMSCs and exosomes, we
focused on miRNAs, which are major components of
exosomes. A novel exosome-miRNA sequencing analysis
was performed on the HiSeq 2500 platform and showed
a marked increase in the expression levels of miR-24
(Fig. 5a). Pathway analysis indicated that the miRNAs
were involved in the apoptosis signaling pathway. We
selected miR-24 for further analysis for several reasons:
(1) miR-24 plays critical roles in apoptosis and cardiac
function; (2) the sequencing data showed that the expres-
sion of miR-24 was particularly high, which was veri-
fied by RT-qPCR (Fig. 5b); (3) real-time PCR showed
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higher expression of miR-24 in heart than in other rat
tissues (Fig. 5¢); and (4) in situ hybridization using a
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locked nucleic acid probe showed miR-24 expression in
the B2M"UMSC:s (Fig. 5d).
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and exosomes is

We used the bioinformatics tool TargetScan to identify
putative targets of miR-24, which led to the identifica-
tion of Bcl-2-like protein 11 (Bim) (Fig. Se), a key protein
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in human (Fig. 5f), confirming Bim as a potential target of
miR-24.

To determine whether miR-24 regulates Bim transcript
levels, we transfected 293T cells with a plasmid express-
ing luciferase driven by the 3'untranslated region (UTR) of
Bim, along with a control plasmid expressing Renilla lucif-
erase (RL-TK). Luciferase assays revealed that Bim tran-
scriptional activity decreased significantly in the presence
of miR-24 mimic (Fig. 5g). qPCR of miR-24 and Western
blot of Bim were performed on RNA and protein extracted
from the infarct zone (IZ) and distant zone (DZ) of hearts 1
and 3 days after MI, respectively. The results showed lower
expression levels of miR-24 and higher expression levels
of Bim in the IZ than in the DZ (Fig. 5h). Western blot
analysis confirmed the increased expression of Bim in the
1Z (Fig. 51).

To assess the role of miR-24 in cardiac repair, we per-
formed loss-of-function studies at the cellular level and
gain-of-function approaches in exosomes. We treated
B2M UMSCs with miR-24 inhibitor, which significantly
reduced its expression in the B2M"UMSCs and B2M"UMSC
exosomes compared to controls, as determined by real-time
PCR (Fig. 6a). We also overexpressed miR-24 in exosomes
by electroporation (Fig. 6b, c). After undergoing identical
surgical procedures, sex- and age-matched rats received a
single injection in the peri-infarct zone of one of the fol-
lowing: (1) vehicle (PBS); (2) exosomes from B2M " UMSC
(Exo); (3) exosomes from B2MUMSCs transfected with

miR-24 inhibitor (Exo + Inhib); or (4) exosomes from
B2M™UMSC:s transfected with miR-24 inhibitor + miR-24
mimic (Exo+ Inhib + Mimic). The miR-24 inhibitor blocked
the cardiac-protective effects afforded by the exosomes
secreted by B2M"UMSCs (Fig. 7a). In contrast, the miR-
24 mimic restored the beneficial effects of exosomes from
B2M UMSC:s treated with the miR-24 inhibitor (Fig. 7a).
EF and FS were measured at 1, 7, 14, 28, 42 and 56 days
post-MI induction. Since 14 days, the EF and FS of the
Exo + Inhib group were lower than those of the Exo and
Exo + Inhib + Mimic groups (Fig. 7b). To assess the size of
the MI, heart sections were stained with Masson’s trichrome
(Fig. 7c). We found that the percentage of fibrotic area in
the entire cross-sectional area was significantly reduced
in the Exo and Exo + Inhib + Mimic groups (Fig. 7d). Fur-
thermore, miR-24 expression was significantly increased in
hearts treated with Exo and Exo + Inhib + Mimic (Fig. 7e),
whereas the expression of Bim was significantly decreased
by Exo and Exo + Inhib + Mimic treatment (Fig. 7f).

To further investigate the contribution of the exo-
some-mediated miR-24/Bim signaling pathway in
cardiac repair, we determined whether B2M"UMSC
exosomes are internalized by myocardial cells in rats.
PKH26-1abeled exosomes were found on the surface of
myocardial cells 1 day after injection (Fig. 8a) and in
their cytoplasm 3 days after injection (Fig. 8a). PKH26-
labeled B2M"UMSC exosomes were also internalized
by H9C2 cells (Fig. 8b). H,0,-induced apoptosis was
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Fig.6 miR-24 expression in cells and exosomes. a Real-time PCR
analysis of miR-24 expression in B2M"UMSCs and B2MUMSC
exosomes (Exo) after transfection with a miR-24 inhibitor (Inhib)

(**p<0.01). b Flowchart for loading miR-24 mimics into exosomes
derived from B2M UMSCs. ¢ qPCR analysis of miR-24 expression
(**p<0.01)
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Fig.7 Rat myocardial function after MI induction and different exo-
some treatments. a Representative echocardiographic images from
rats treated with PBS, Exo, Exo+Inhib, or Exo+ Inhib+ Mimic. b
EF and FS preoperatively and at 1, 7, 14, 28, 42 and 56 days after
MI induction (n=4/group; **p <0.01). ¢ Masson’s trichrome staining
in heart sections 56 days after ligation of the left anterior descending

attenuated by Exo and Exo + Inhib + Mimic compared
to Exo + Inhib treatment (Fig. 8c). The expression of
miR-24 was increased by Exo and Exo + Inhib + Mimic
(Fig. 8d), and the expression of Bim was decreased by
Exo and Exo + Inhib + Mimic treatment (Fig. 8e). More-
over, B2M"UMSC exosomes also stimulated H9C2 cell
proliferation (Fig. 8f). These data confirmed Bim as a
direct target of miR-24 and that the beneficial effects
of exosomes are mediated by the miR-24/Bim signaling
pathway.
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Discussion

We demonstrate that alloUMSC triggers immune rejection
in wild-type SD rat with normal immune system, and our
findings challenge previous opinion that alloUMSCs do
not induces immune rejection [38]. Our study also reveals
that knockout of HLA light chain B2M is a conveni-
ent and efficient strategy to prevent alloUMSC-induced
immune rejection. Importantly, B2M"UMSC was more



Knockout of beta-2 microglobulin enhances cardiac repair by modulating exosome imprinting...

949

A

1 day

50 ym

3 days

50 um

100 pm 100 pm

484

Pl

40.4 221

Exo+Inhib Exo+Inhib+Mimic

Annexin V-FITC

Apoptotic Cell (%)

Exo  Exo+lnhib Exo+Inhib
+Mimic
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dial cells near the injection site. b Internalization of B2M"UMSC
exosomes by HIC2 cells. PKH26-labeled B2M UMSC exosomes
(red) were internalized into H9C2 cells (nuclei stained with DAPI).

effective in restoring cardiac function in ischemic heart
than UMSC. We further show that the beneficial effects of
B2M"UMSC in promoting survival and repair are medi-
ated by exosomes, which release miR-24 that targets apop-
totic gene Bim in cardiomyocytes. Moreover, we demon-
strate that exosomes alone can restore cardiac function,
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¢ Flow cytometric analysis of apoptosis induced in H9C2 cells by
exposure to 200 pM H,O, for 6 h and exosome treatments (n=3,
*p<0.05, **p<0.01). d Real-time PCR analysis of miR-24 expres-
sion in HIC2 cells (n=3; *p<0.05, **p<0.01). ¢ Western blots of
Bim expression in HOC2 cells after B2ZM"UMSC exosome treatment
following H,O, induction. f Upper panel: representative Edu immu-
nofluorescence staining showing B2M UMSC exosomes promote
proliferation of H9C2 cells in a dose-dependent manner. Lower panel:
summary of Edu staining (n=3, *p <0.05, **p <0.01)

and exosomes derived from B2ZM"UMSC are more effi-
cient than those derived from UMSC, which indicates that
exosome’s function can be enhanced by modulating its
imprinting.

The previous opinion that allogeneic MSCs did not
induce immune rejection was based on studies using
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immunodeficient animals [31, 32]. Since most MI patients
are not immunodeficient, it is necessary to study the immune
rejection in animal models with normal immune system. We
for the first time examined the effect of alloUMSCs in a MI
model using wild-type rats with normal immune system. Our
findings that alloUMSCs induce immune rejection supports
previous report that allogeneic MSCs are rejected in HLA-
mismatched recipients [39], and highlights immune rejec-
tion as a major obstacle for clinical application of allogeneic
MSCs in cardiac repair [40]. Importantly, our findings may
explain the differential effects of MSC based therapy among
different studies because each individual is different in terms
of immune rejection. It is also possible that alloUMSC
induces less severe immune rejection than other allogeneic
MSCs. Thus, our findings that alloUMSC induce immune
rejection suggests that other allogeneic MSC may induce
even stronger immune rejection compared to alloUMSC.
Therefore, the generation of HLA-deficient MSC:s is the first
essential step toward their clinical applications.

Although standard immunosuppressive drug prolongs the
survival of transplanted stem cells, it also induces infection
[41, 42]. Our strategy is based on the fact that MSCs express
only HLA-I but not HLA-II antigen, and the disruption of
the B2M gene can result in a complete loss of surface HLA-I
expression and significant reduction of immunogenicity
[6]. Our study focuses on altering MSC rather than other
cell types, thus, it does not result in immune tolerance or
infection.

Our findings that exosomes alone can restore cardiac
function have clinical implications. The use of exosomes
avoids the safety concerns and limitations associated
with the transplantation of stem cells. Transplantation of
exosomes reduces the immune rejection and teratoma risk
associated with stem cells [43]. As a bi-lipid membrane
vesicle, exosomes protect their contents from degradative
enzymes or chemicals [44]. Several studies suggest that
exosomes not only mimic the effects of their parent cells,
but they are also influenced by the imprinting of parent
cells [45]. A recent study showed that exosomes derived
from human CD34* stem cells improved angiogenesis and
motor function in mouse ischemic limb, mimicking the
effects of the parent cells. By contrast, exosomes derived
from CD34%-cell-depleted parent cells were ineffective
[32]. These results suggest that CD34" stem cells contain
unique molecules that are delivered specifically to endothe-
lial cells by exosomes, and depleting CD34 alters the con-
tents of exosomes. Our findings that exosomes derived from
B2M"UMSC are more efficient than those derived from
UMSC suggests that the modulation of exosome’s imprint-
ing is a good strategy to enhance exosome’s function.

Moreover, exosomes also contain some mRNAs and
microRNAs that are not functional in parent cells, but can
become activated and functional in recipient cells [46]. For
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example, some tumors do not express certain antigens, but
exosomes can transfer antigens from tumors to dendritic
cells, which in turn initiate a cytotoxic T cell-dependent
immune response against tumor cells [47]. We call this
phenomenon recessive exosome imprinting. It is worth-
while to explore how recessive imprinting from UMSC
might influence the therapeutic effects of exosomes.

The therapeutic effects of MSC are mediated by par-
acrine factors which are transported by exosome [10].
Our loss of function studies at cellular level and novel
gain-of-function approaches in exosomes demonstrate
that B2M"UMSC repairs ischemic heart through exosome
mediated miR-24/Bim signaling pathway. Although miR-
24 has been shown to inhibit apoptosis in mouse cardio-
myocytes when injected directly into ischemic myocar-
dium in mice [36], this approach is not feasible for treating
patients. We report for the first time that the delivery of
exosome containing miR-24 can prevent cardiac dysfunc-
tion induced by ischemia. Because exosome can prevent
miRNA degradation, the delivery strategy of miRNA by
exosome has broad clinical applications. For example,
miR-24 can be loaded into exosomes and delivered to tar-
get organs in vivo via intravenous injection. Furthermore,
it has been shown that inflammation impairs stem cell
function [48], and B2M is associated with aging [49]. Our
strategy to knockout B2M reduces the levels of TNF-alpha
and may also prevent stem cell senescence. Therefore, our
findings provide further novel mechanistic insights into the
beneficial effects of B2M"UMSC in addition to miR-24/
Bim pathway.

Cardiac fibrosis is an unavoidable consequence of MI.
Sun et al. showed that in skeletal muscle injury, miR-24
could delay the development of fibrosis by inhibiting Smad2
expression [50]. In our results, miR-24 was down-regulated
in the infarcted heart, which is consistent with the findings
by Wang et al. that miR-24 can inhibit TGF-f secretion and
Smad?2/3 phosphorylation in cardiac fibroblasts. Furin is a
protease which promotes fibrosis by activating TGF-b sign-
aling. Furin is a down stream target of miR-24. Overexpres-
sion of miR-24 could reduce the expression of Furin and
inhibits the differentiation of cardiac fibroblasts. Thus, miR-
24 plays a critical role in cardiac fibrosis [27]. The miRNA
sequencing data showed that miR-17 and miR-92 of the miR-
17-92 cluster are enriched in exosomes. miR-17-92 cluster
regulates cardiomyocyte proliferation in postnatal and adult
hearts [51].

In conclusion, our study demonstrates that knockout of
B2M is an efficient strategy to prevent the immune rejec-
tion of alloUMSCs and enhance cardiac function through
the modulation of exosome imprinting. This strategy will
improve stem cell-based therapies because it can eliminate
immune rejection without the need for HLA matching prior
to transplantation.
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