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Abstract

function and angiogenesis.

treatment of Ml in diabetic mice.

Background: Myocardial infarction (MI) is a common cause of mortality in people. Mesenchymal stem cell (MSC)
has been shown to exert therapeutic potential to treat myocardial infarction (MI). However, in patients with
diabetes, the diabetic environment affected MSCs activity and could impair the efficacy of treatment. Interleukin-10
(IL-10) has been shown to attenuate MI by suppressing inflammation. In current study, the combination of MSC
transplantation with IL-10 was evaluated in a diabetic mice model with MI.

Methods: We engineered bone marrow derived MSCs (BM-MSCs) to overexpress IL-10 by using CRISPR activation.
We established the diabetic mice model with Ml and monitored the IL-10 expression after BM-MSCs transplantation.
We also evaluated the effects of BM-MSCs transplantation on inflammatory response, cell apoptosis, cardiac

Results: CRISPR activation system enabled overexpression of IL-10 in BM-MSCs. Transplantation of BM-MSCs
overexpressing IL-10 resulted in IL-10 expression in heart after transplantation. Transplantation of BM-MSCs
overexpressing IL-10 inhibited inflammatory cell infiltration and pro-inflammatory cytokines production, improved
cardiac functional recovery, alleviated cardiac injury, decreased apoptosis of cardiac cells and increased angiogenesis.

Conclusion: In summary, we have demonstrated the therapeutic potential of IL-10 overexpressed BM-MSCs in the

Keywords: CRISPR3, IL-10, BM-MSCs, Myocardial infarction, Diabete

Background

Acute myocardial infarction (MI), commonly known as a
heart attack, is a common cardiac emergency in which
myocardial necrosis is caused by an unstable ischemic
syndrome [1]. Currently the treatments to acute MI
patients focuses on antiplatelet and antithrombotic
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treatment coupled with invasive assessment of coron-
ary anatomy with a view to revascularization. Pharma-
cological therapies include pB-blockade, statins and
inhibitors of the renin-#angiotensin-aldosterone axis
[2]. Despite these therapeutic advances and promoted
management of patients with acute myocardial infarc-
tion, MI remains a leading cause of death and disabil-
ity worldwide as no treatment currently available is
able to generate new contractile tissue or reverse
ischemic myocardium [3]. Therefore, searching for
more effective treatments to limit myocardial injury is
still in urgent demand.
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The prospect of developing novel treatments for acute
MI that stimulate angiogenesis, promote myocardial
regeneration and prevent left ventricular dysfunction has
generated substantial interest in recent years. Stem cell
therapy could promote cardiomyocyte regeneration
and neovascularization, and recruit resident stem cells,
which might ameliorate heart failure. Mesenchymal Stem
Cells (MSCs) are non-hematopoietic population of bone
marrow cells which are multipotent adult stem cells.
BM-MSCs have been shown to be able to engraft and dif-
ferentiate within the heart, which has revealed the potency
to treat MI [4, 5].

Diabetes mellitus is a major risk factor for cardiovascu-
lar disease. It has been recognized that patients with dia-
betics suffered a greater mortality during the acute phase
of MI and a higher morbidity in the post-infarction period
[6]. The diabetic environment also affects the MSCs
activities including inhibiting MSCs proliferation ability,
suppressing their angiogenic and therapeutic potential for
repairing [7, 8]. Although MSCs transplantation were
widely evaluated to treat diabetes and MI, establishing
more efficient and effective MSCs-related treatment are in
urgent demand [9].

Interleukin-10 (IL-10) is an anti-inflammatory cyto-
kine which has been shown to display protective
function in cardiac dysfunction and inflammatory pro-
cesses. Treatment of IL-10 in MI mice attenuated left
ventricular (LV) dysfunction and decreased infarcted
size in MI [10]. Our previous study also demonstrated
that transplantation of mesenchymal stem cells over-
expressing IL-10 attenuated cardiac impairments in
MI rats [9]. IL-10 also suppressed the induction and
progression of autoimmune pathogenesis associated
with diabetes [11]. In current study, we overexpressed
IL-10 in bone marrow derived MSCs (BM-MSCs) by
using CRISPR/dCas9 activation system and evaluated
the effects of transplantation of IL-10 overexpressed
BM-MSCs on diabetic MI mice. Our studies may pro-
vide helpful information for guiding the development
of stem-cell-based therapies in treating MI in diabetic
patients.

Material and methods

Mice

Six weeks male C56BL/6 mice were obtained from SLAC
(Shanghai, China) and housed 5 per cage. Mice were
provided with distilled water and food ad libitum, and
kept under a 12 h light/dark cycle at constant temperature
(22.5°C) and humidity (55%). The animal experiments
were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals and approved by Xijing Hospital, the Fourth Military
Medical University.
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STZ model of diabetes

Streptozotocin (STZ) was purchased from Sigma (St.
Louis, MO, USA). To establish Streptozotocin-induced
diabetic mice, STZ was dissolved in a citrate buffer (pH
4.5), and injected intraperitoneally (40 mg/kg/d) for 5
consecutive days as described previously [12]. The con-
trol group received citrate buffer solution without STZ
correspondingly. During STZ treatment, mice were pro-
vided with normal food and 10% sucrose water. On
experimental day 6, switch the 10% sucrose water back
to regular water. Three weeks post first STZ treatment,
animals with random blood glucose value >300 mg/dL
were defined as STZ-induced diabetic mice.

Isolation and culture of mesenchymal stem cells from
mouse bone marrow

Mesenchymal stem cells (MSCs)were isolated from bone
marrow and cultured as described previously [13]. Briefly,
bone marrow cells were harvested from tibia and femur of
hind limb and suspended in DEME containing 10% fetal
bovine serum (FBS) and Penicillin-Streptomycin (Thermo
Fisher, Waltham, MA, USA). The cell suspension was fil-
tered through a 70-um cell strainer (Thermo Fisher) and
then cultured at a density of 25 x 10° cell/dish in 95 mm
culture dish. After incubation at 37°C in a humidified
chamber with 5% CO, for 3 h, the non-adherent cells were
removed by changing the medium. After additional 8 h of
culture, replaced the medium with fresh medium. There-
after, replace the medium every 8 h for up to 72 h of initial
culture. Then cells were cultured for 4-8 days and fresh
medium was changed every 3 days. After 2 weeks of initi-
ating culture, the cells were washed with phosphate buff-
ered saline (PBS) and lifted by incubation with trypsin. All
the lifted cells were cultured in 25-cm? flask. Once cell
confluence achieved, cells were harvested for further
passage or for analysis.

Heart cell isolation

Heart cells were isolated as described previously [14].
Briefly, 1000 U of heparin were injected into mice 10 min
before cervical dislocation. The heart was rapidly removed,
placed in a 37 °C water bath, and the aorta was cannulated
with a 22-gauge needle connected to a modified Langen-
dorff preparation. Then the heart was perfused and digested
with 0.895 mg/ml collagenase type 2 and 0.5 mg/ml prote-
ase type XIV. The heart was placed into a Petri dish con-
taining chilled staining buffer (2% FBS in PBS) and
manually dispersed into a single cell suspension using razor
blades. Single cell suspensions were sequentially filtered
through 40-um and 15-pm cell strainers.

Flow cytometry
BM-MSCs were harvested and washed with PBS contain-
ing 2% FBS (Staining buffer) once. Cells were pre-blocked
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with anti-Fc receptor III/II monoclonal antibody (mAb)
(clone 2.4G2) (Biolegend, San Diego, CA, USA) for 5 min
and then cells were stained with FITC labeled anti-mouse
CD29, CD44, CD90, CD34 and CD45 or corresponding
isotype control antibody (Biolegend) on ice for 30 min.
After wash with staining buffer for three times, the sam-
ples were analyzed by BD FACSCalibur flow cytometer
and data was analyzed using FlowJo. In certain experi-
ment, heart cells were pre-blocked with anti-Fc receptor
II/II monoclonal antibody (mAb) and stained with APC
labeled anti-mouse CD68 and FITC labeled anti-mouse
CD11b (Biolegend).

Overexpression of IL-10 in BM-MSCs from diabetic mice
The dCas-Synergistic activation mediator (dCas-SAM)
system was used to overexpress IL-10 in BM-MSCs.
The gRNA sequence for IL10 or control was designed
using online CRISPR design tool from CRISPR.mit.edu
platform (http://tools.genome-engineering.org). Total 6
gRNA sequences with high scores were cloned into
dCas9-VP64-MS2 plasmid as described previously [15].
Then the 1.0 nM pCas9/gIL10 or pCas9/gCtrl was co-
transfected with 1.0 nM plasmid MS2-p65-HSF1 which
encodes MS2-P65-HSF1 transcriptional activation com-
plex into diabetic BM-MSCs using Lipofectamine 2000
following manufacture’s protocol. 48 h post transfection,
cells were harvested and analyzed for IL-10 production.
The gRNA with best efficiency to activate IL-10 expres-
sion was used for future study.

Elisa

BM-MSCs were seeded in 12-well plate with 10 x 10° cell/
well. 48 h later, cell culture supernatant was collected and
the IL-10 level was determined using commercial ELISA
kit (R&D systems, Minneapolis, MN, USA) following man-
ufactures’ protocol. In certain experiments, the peri-infarct
area in the hearts was isolated and homogenized in cell ex-
traction buffer (Thermo Fisher) following manufactures’
protocol. The IL-10 level in homogenates was measured
using ELISA kit.

qRT-PCR

The total RNA from BM-MSCs or heart tissue was isolated
using an RNeasy Mini kit (Qiagen, CA, USA) according to
the manufacturer’s instructions. Reverse transcription was
performed using SuperScript® III First-Strand Synthesis
System (Thermo Fisher, Waltham, MA, USA). Real time
quantitative PCR reactions were set up in triplicate with
SYBR® Green Master Mix (Bio-Rad, Hercules, CA, USA)
and run on a QuantStudio 3 Real-Time PCR System
(Thermo Fisher, USA). The following primers were used
in the current study: IL-10 Forward: 5'- GCCTTATCG
GAA ATGATCCA -3, Reverse: 5'- TTTTCACAGGGGA
GAAATCG -3'. GAPDH Forward: 5'- AACTTTGGC

Page 3 of 12

ATTGTGGAAGG-3', Reverse: 5'- ACACATTGGGGGT
AGGAACA-3’. IL-1p Forward: 5'- AACCTGCTGGTG
TGTGACGTTC -3’, Reverse: 5'- CAGCACGAGGCT T
TTTTGTTGT -3'. IL-6 Forward: 5'- ACAACCACGGC
CTTCCCTACTT -3', Reverse: 5'-CACGATTTCCCAGA
GAACATGTG -3'. MCP-1 Forward: 5" -CCACTCACC
TGCTGCTA CTCAT -3’, Reverse: 5" -TGGTGATCCTC
TTGTAGCTCTCC -3'. TNF-a Forward: 5° -GCCTCTT
CTCATTCCTGCTTG -3/, Reverse: 5° -CTGATGAGAG
GGAGGCCATT -3".

Western blot

Total proteins of MSCs or peri-infarct area tissue were
extracted using Total Protein Extraction Kit (Novus Bio-
logicals, LLC, Centennial, CO, USA). The protein con-
centration was measured using Bio-Rad Protein Assay
(Bio-Rad, USA). Total 20 pg proteins were loaded onto
SDS-PAGE gel and transferred to PVDF membrane. The
membrane was blocked with 5% non-fat milk at room
temperature for 1h and then incubated with primary
antibodies overnight. Next day, membranes were washed
with wash buffer (Thermo Fisher) for 3 times and then
incubated with corresponding HRP-conjugated second-
ary antibodies at room temperature for 1h. Primary
antibodies used in current study were: anti- IL10
(Abcam, Cambridge, MA, USA), anti-  actin (Sigma, St
Louis, MO, USA).

Myocardial infarction (MI) mice and treatment

MI was induced in mice by surgical occlusion of the left
anterior descending artery through a left anterolateral
approach as described previously [16]. All surgeries were
performed under sodium pentobarbital anesthesia to
minimize pains, and in compliance with the protocol
approved by the Committee on the Ethics of Animal Ex-
periments of Xijing Hospital, Fourth Military Medical
University. In brief, ligation of the left anterior descend-
ing artery (LAD) was performed in anesthetized animals
after the chest was opened. The position was 1 to 2 mm
distal to the line between the left border of the pulmon-
ary conus and the right border of left atrial appendage
[9]. The cells were transplanted 1 h after the ligation by
intramyocardial injection. Sevendays post transplant-
ation, mice were evaluated.

Dissection of the heart and histological analysis of
infarct area

Hearts were obtained hearts were fixed in 10% formalin
and mounted in paraffin. For immunohistochemistry,
blocks were cut into 5pum thick sections, and mounted
on glass slides for staining. Slides were deparaffinized,
and subjected in hot citric acid buffer for antigen re-
trieval. After cooling, slides were permeabilized with
0.2% Triton-100 for 15 min and were blocked with 1%
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BSA in PBS for 2h. Slides were incubated with primary
antibodies (anti-CD68 or anti-vWF) at 4 °C for overnight.
Primary antibodies were visualized with corresponding
secondary antibodies conjugated with Alexa Fluor 488 or
Alexa Fluor 647. Nuclei were stained with DAPI (Thermo
Fisher). Micrographs of all immunostains were acquired
via Olympus BX51 Fluorescence Microscope with camera.
To monitor the apoptosis, the In-Situ Cell Death De-
tection Kit, Fluorescein (Thermo Fisher) was used fol-
lowing manufacture’s protocol. Fibrosis was evaluated by
Masson’s trichrome staining as described previously [17].

Statistical analysis

Two-way ANOVA analysis and student ¢-test were
used. Statistical difference was considered as significant
only if p < 0.05.

Results

Overexpression of IL10 in bone marrow-derived
mesenchymal stem cells (BM-MSCs)

To establish the cell model of BM-MSCs overexpressing
IL10, first we isolated and cultured the mesenchymal
stem cells from mouse bone marrow and monitored the
expression of cell surface markers. As shown in Fig. 1a,
BM-MSCs were CD29, CD44, and CD90 positive while
were CD34 and CD45 negative. These results demon-
strated that the BM-MSCs we made had the typical
markers of MSCs, indicating the successful differentiation
of bone marrow cells to MSCs [18]. IL-10 has been shown
to play a protective role in diabetes and decreased IL-10
level was associated with diabetes [19]. We continued to
detect the IL-10 expression in BM-MSCs from wild type
and diabetic mice. The diabetic mice were induced by
injection of Streptozotocin as described in Fig. 1b and
methods. As shown in Fig. 1c, we identified significantly
decreased IL-10 mRNA in diabetic BM-MSCs when com-
pared to normal BM-MSCs. Consistently, we detected de-
creased IL-10 protein level in diabetic BM-MSCs (Fig. 1d)
and significantly decreased IL-10 in cell culture super-
natant of diabetic BM-MSCs (Fig. 1e) when compared to
those of normal BM-MSCs. As IL-10 played important
protective role in diabetes, we utilized the CRISRP/dCas9
activation system to overexpress IL-10 in BM-MSCs
(Fig. 1f). The gRNAs (gIL10) were designed using the
CRISPR.mit.edu platform and 6 gRNAs with high
scores were cloned into dCas9-VP64-MS2 plasmid
(Additional file 1: Figure S1A). After transfection of
CRISPRa plasmids expressing IL10 gRNA together with
MS2-p65-HSF1 (we termed pCas9/gIL10) into BM-MSC,
the gRNA with best efficiency to activate IL-10 mRNA
expression was used for future study (Additional file 1:
Figure S1B). Correspondingly, we detected significantly
increased IL-10 protein in diabetic BM-MSCs (Fig. 1g) and
in cell culture supernatant (Fig. 1h). In contrast,
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transfection of control plasmid which expressed control
gRNA (pCas9/gCtrl) did not affect IL-10 expression. There-
fore, we successfully established the cell model of diabetic
BM-MSCs which can overexpress IL-10.

Transplantation of IL-10 overexpressed diabetic BM-MSCs
induces increased expression of IL10 in diabetic
myocardial infarction mice

We next transplanted the IL-10 overexpressed diabetic
BM-MSCs to diabetic myocardial infarction (MI) mice
as presented in Fig. 2a. Then we monitored the IL-10
expression in vivo. The CRISPR Activation system plas-
mids also encoded the luciferase (Fig. 1e), therefore we
monitored the luciferase activity by intravenously inject-
ing luciferase substrate 1-week post transplantation and
then analyzed by in vivo optical bioluminescence im-
aging. As shown in Fig. 2b, in both control mice and
mice transplanted with BM-MSCs transfected with
pCas9/gCtrl, there was no obvious luciferase activity de-
tected. In contrast, in mice directly injected with pCas9/
gIL10 plasmids, there was minimal luciferase activity de-
tected, indicating that some cells may uptake the plas-
mids and enable IL-10 expression. However, the
efficiency was very limited. Interestingly, we detected ro-
bust and obvious luciferase activity in mice transplanted
with BM-MSCs which were transfected with pCas9/
gIL10 plasmids (we termed BM-MSCs-pCas9/gIL10).
Correspondingly, we detected obvious increased IL-10
protein in peri-infart area tissue of mice transplanted
with BM-MSCs-pCas9/gIL10 by western blot (Fig. 2c),
and significantly increased IL-10 in tissue homogenates
by ELISA (Fig. 2d) when compared to control mice.
Taken together, our data demonstrated that transplant-
ation of BM-MSCs expressing IL-10 enabled in vivo ex-
pression of IL-10 in diabetic myocardial infarction mice.

Transplantation of BM-MSCs-pCas9/gIL10 suppresses
inflammatory cells infiltration and pro-inflammatory
cytokines expression in the myocardium

Inflammation and inflammatory cell infiltration are the
hallmarks of MI [20]. As IL-10 is well-known for its
anti-inflammatory activities [21], we continued to detect
the effect of IL-10 expression on inflammation in the
heart. First the immunohistochemical staining of
CD68-positive cells on cardiac tissue sections was car-
ried out to study the inflammatory cell infiltration post
MI. We detected obvious CD68" cells (macrophages and
monocytes) in the border zone of left ventricular (LV)
infarct after MI (Fig. 3a) in normal/non-treated mice.
Similar level of CD68" cells were detected in mice trans-
planted with BM-MSCs-pCas9/gCtrl or directly injected
with pCas9/gIL-10 plasmids, indicating transplantation
of BM-MSCs-pCas9/gCtrl or injection of pCas9/gIL-10
did not affect inflammatory cells infiltration. In contrast,
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Fig. 1 CRISPR/dCas9 activation (CRISPRa) system mediated overexpression of IL10 in Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSCs). a
Immunophenotypic profile of BM-MSCs. Flow cytometry histograms after three passages show the expression of selected surface molecules
(including CD29, CD44, CD90, CD34 and CD45). Cells were stained with FITC-labeled antibodies or isotype control antibody. The BM-MSCs were
positive for CD29, CD44, and CD90 but negative for CD34 and CD45. b Establishment of streptozotocin-induced diabetic model. 6-8-week-old
BALB/c mice were intraperitoneal (ip.) injection with Streptozotocin (STZ) (40 mg/kg) for 5 consecutive days. The IL-10 expressions in mRNA level
(c) and protein level (d) of BM-MSCs isolated from healthy mice and streptozotocin (STZ)-induced diabetic mice was examined by real-time PCR
(RT-PCR) and Western blotting, respectively. Data represent means + SD. ***p < 0.001, n = 3. e Production of IL-10 by BM-MSCs and diabetic BM-
MSCs. The IL-10 levels in the supernatant were measured by enzyme-linked immunosorbent assay (ELISA). Data represent means + SD. **p <
0.005, n= 3. f Schematic diagram of CRISPR/dCas9 activation plasmids. The engineered plasmid dCas9-VP64-MS2 gRNA encodes Cas9 that lacked
nuclease activity (dCas9) and gRNA, the plasmid MS2-p65-HSF1 encodes MS2-P65-HSF1 transcriptional activation complex. The gRNA Sequence
was designed by the online CRISPR Design Tool (http://tools.genome-engineering.org). BM-MSCs isolated from diabetic mice were transfected
with CRISPRa plasmids expressing IL10 (pCas9/glL10) or control plasmids (pCas9/gCtrl). The IL10 expression (g) and IL10 production (h) in diabetic
BM-MSCs were examined by Western blotting and ELISA 48 h post transfection. Data represent means + SD. ***p < 0.001, n=3

in MI mice transplanted with BM-MSCs-pCas9/gIL-10, to mice transplanted with BM-MSCs-pCas9/gCtrl or dir-
we detected less CD68" cells, indicating transplantation  ectly injected with pCas9/gIL-10 plasmids (Fig. 3b & c¢).
of BM-MSCs-pCas9/gIL-10 suppressed inflammatory  These results demonstrated that Transplantation of BM-
cells infiltration. As BM-MSCs-pCas9/gIL-10 overex- MSCs-pCas9/gIL10 suppressed inflammatory cells infiltra-
pressed IL-10, these results suggested that IL-10 sup- tion. We next evaluated the effects of transplantation on
pressed inflammatory cells infiltration after MI. Similarly, pro-inflammatory cytokines production in peri-infarct
significantly decreased frequency of CD68" CDI11b*  area after transplantation. We monitored the mRNA levels
cells was detected in peri-infarct area of mice trans-  of IL-1B, TNF-a, IL-6 and MCP-1 in border zone of left
planted with BM-MSCs-pCas9/gIL-10 when compared ventricular infarct by RT-PCR. We detected significantly
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Fig. 2 BM-MSCs-pCas9/glL10 transplantation induces increased expression of IL-10 in diabetic mice with myocardial infarction. a Schematic depicts the
experiment protocol. BM-MSCs were isolated and cultured, and then transfected with pCas9/dgCtrl or pCas9/dglL10. Mice models of diabetic MI were
established via coronary artery ligation. STZ-induced diabetic mice were injected with BM-MSCs-pCas9/dgCtrl, pCas9/dglL10 or BM-MSCs pCas9/dgIL10 at
2 sites near the border zone of infarction (medial and lateral zones) 1 h post myocardial infarction (MI) accomplishment, and 7 days later the mice were
subjected to examination. b In vivo optical bioluminescence imaging (BLI). Luciferase gene was inserted into plasmids, and BLI was detected using the
Xenogen In Vivo Imaging System 1-weeks post transplantation by intravenously injecting luciferase substrate. Four groups were treated as follows: Control
(PBS only), BM-MSCs-pCas9/gCtrl (BM-MSCS transfected with control CRISPR/Cas9 plasmids), pCas9/glIL10 (direct injection of CRISPR/Cas9 plasmids express
IL-10), and BM-MSCs-pCas9/gIL10 (BM-MSCS transfected with control CRISPR/Cas9 plasmids express IL10). The number of cells was 2*10° and the mass of
pCas9/dglL10 was 40 pmol. ¢ The IL10 expressions in peri-infarct area in the control MI heart or hearts treated with BM-MSCs pCas9/gCtrl, pCas9/glL10 or
BM-MSCs pCas9/gIL10 were detected using Western blotting 1-week post transplantation. 3-actin was used as a loading control. d The production of IL-10
in in peri-infarct area was examined by ELIAS 1-week post transplantation. Data represent means + SD. **p <0001, n=8

decreased the mRNA levels of IL-1B (Fig. 3d), TNF-a
(Fig. 3e), IL-6 (Fig. 3f) and MCP-1 (Fig. 3g) in border
zone of left ventricular infarct in mice transplanted with
BM-MSCs-pCas9/gIL-10 when compared to border zone
in mice transplanted with BM-MSCs-pCas9/gCtrl or
directly injected with pCas9/gIL-10 plasmids. Taken
together, our data demonstrated that Transplantation
of BM-MSCs-pCas9/gIL10 suppresses inflammatory

cells infiltration and pro-inflammatory cytokines ex-
pression in the myocardium.

Transplantation of BM-MSCs-pCas9/gIL10 improves
cardiac functional recovery in diabetic myocardial
infarction mice

First, the situation of engraftment was examined. GFP posi-
tive cells were observed in the BM-MSCs-pCas9/gIL10
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Fig. 3 Transplantation of BM-MSCs-pCas9/glL10 suppresses infiltration of inflammatory cells and expression of proinflammatory cytokines in
the myocardium. a Representative fluorescent micrographs show the presence of inflammatory cells (CD68-positive, green fluorescence)
peri-infarct area in the control MI heart or hearts treated with BM-MSCs pCas9/gCtrl, pCas9/glL10 or BM-MSCs pCas9/gIL10. The
examination was performed 1-week post transplantation. Scale bar was 20 um. b Flow cytometry analysis of infiltration of CD11b"CD68*
cells peri-infarct area in the heart. Tissues from control Ml heart or hearts treated with BM-MSCs-pCas9/gCtrl, pCas9/glL10 or BM-MSCs-
pCas9/glL10 were digested into single cells stained with FITC labeled CD11b and APC labeled CD68 antibodies, and then examined by
flow cytometry. ¢ Bar graph shows quantitative analysis of infiltrating CD68-positive cells. Data represent means + SD. **p < 0.005, n=8.
d-g Quantitative analysis of mRNA expression of proinflammatory cytokines and chemokines (IL-13, TNF-q, IL-6 and MCP-1) in the border
zone of LV infarct of LV infarct at 1-week post-MI. mMRNA expression normalized to GAPDH expression. Data represent means + SD.

*p <005, **p <0.005, **p <0.001, n=8

group (Additional file 1: Figure S2), indicating that at least ~MSCs-pCas9/gCtrl or directly injection of pCas9/gIL-10
partial BM-MSCs were engrafted and could be alive for 4  plasmids. Transplantation of BM-MSCs-pCas9/gIL-10
weeks post transplantation. Inflammatory response has also increased maximal values (+dP/dtmax) and mini-
been implicated in the pathogenesis of post-infarction mum values (-dP/dtmin) of the instantaneous first de-
remodeling and heart failure [22]. As transplantation of  rivative of LV pressure, and LV end-diastolic pressure
BM-MSCs-pCas9/gIL-10 suppressed inflammatory re- (LVEDP) significantly more than transplantation of
sponse, we continued to evaluate its effects on cardiac BM-MSCs-pCas9/gCtrl or directly injection of pCas9/
function by using echocardiography and left ventricular  gIL-10 plasmids (Fig. 4c-e). Therefore, our data dem-
(LV) catheterization. As shown in Fig. 4a & b, transplant-  onstrated that transplantation of BM-MSCs-pCas9/
ation of BM-MSCs-pCas9/gIL-10 increased LV ejection  gIL10 improves cardiac functional recovery in diabetic
fraction significantly more than transplantation of BM-  MI mice.
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Transplantation of BM-MSCs-pCas9/gIL10 alleviates
cardiac injury, decreases apoptosis of cardiac cells and
increases angiogenesis in diabetic Ml mice

As transplantation of BM-MSCs-pCas9/gIL10 improved
the cardiac function, we continued to explore the under-
lying mechanisms. First Masson’s trichorome staining
was performed to analyze the infarct injury. In Fig. 5a,
there were typical representations of Masson’s trichrome
staining of hearts (blue color staining) from mice with
different treatments. More relative staining pictures were
shown in Additional file 1: Figure S3. We found that the
scar tissue area of mice transplanted with BM-MSCs-
pCas9/gIL10 was obvious decreased when compared to
hearts from mice transplanted with BM-MSCs-pCas9/
gCtrl or directly injected with pCas9/gIL-10 plasmids.
After quantitation of scar area by Image], we found the
difference was significant (Fig. 5b). Therefore, transplant-
ation of BM-MSCs-pCas9/gIL10 significantly alleviated
cardiac injury in diabetic MI mice. It has been described
that IL-10 prevented apoptosis in multiple diseases includ-
ing MI [10, 23, 24]. Thus, we continued to evaluate the
effect of transplantation of BM-MSCs-pCas9/gIL10 on
cardiac cells apoptosis. As shown in Fig. 5c, obvious apop-
totic cells were detected in border zone of LV infarct in
diabetic MI mice. In diabetic MI mice transplanted of

BM-MSCs-pCas9/gIL10, the apoptotic cells were signifi-
cantly less than that in MI mice transplanted with
BM-MSCs-pCas9/gCtrl or directly injected with pCas9/
gIL-10 plasmids (Fig. 5¢ & d). Angiogenesis plays import-
ant role in heart function recovery in MI [25]. Therefore,
we tested whether transplantation of BM-MSCs-pCas9/
gCtrl also affect angiogenesis in diabetic MI mice. Angio-
genesis was evaluated by staining von Willebrand factor
(VWF), a commonly used indicator of angiogenesis [26].
As shown in Fig. 5e, we detected more staining of vWF in
heart sections from mice transplanted with BM-MSCs-
pCas9/gIL-10 when compared to that from mice trans-
planted with BM-MSCs-pCas9/gCtrl or directly injected
with pCas9/gIL-10 plasmids. After quantitation, we found
the difference was significant (Fig. 5f). Collectively our
data demonstrated that transplantation of BM-MSCs-
pCas9/gIL10 alleviated cardiac injury, decreased apoptosis
of cardiac cells and increased angiogenesis in diabetic
MI mice.

Discussion

Myocardial infarction (MI) is a common cause of mor-
tality in people with diabetes. Stem cell-mediated therap-
ies have been widely evaluated and utilized for the
treatment of MI. Mesenchymal stem cells (MSCs) have
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been reported to repair damaged myocardium and im-
prove cardiac function after myocardial infarction (MI)
in pre-clinical studies [27, 28]. However, due to the persist-
ent inflammatory environment in infarcted myocardium
and diabetes, the survival, differentiation of transplanted
MSCs and their therapeutic benefit needs to be improved.
Therefore, novel approaches for designing MSC protection
under the hostile microenvironment of injured myocar-
dium are necessary for successful application. IL-10 is an

anti-inflammatory cytokine which has been proven to have
beneficial effects on MI. However, low levels of IL-10
have been considered as a risk factor of diabetes, which
may also contribute to MI in diabetic patients. In
current study, we utilized CRISPR/dCas9 activation sys-
tem to establish IL-10 overexpressed BM-MSCs and
tested the role of these BM-MSCs in diabetic MI mice.
We reported that transplantation of BM-MSCs express-
ing IL-10 increased the IL-10 expression in vivo,
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suppressed inflammatory response in myocardium, and
improved cardiac function.

MI is the leading cause of death around the world
which results in adverse LV remolding and cardiac dys-
function. MI triggered inflammatory reactions accom-
panied by cytokine release and inflammatory cells
infiltration into the myocardial area, which contributed
to tissue necrosis and organ dysfunction during MIL
IL-10 has been shown to suppress infiltration of inflam-
matory cells and expression of inflammatory cytokines
in the myocardium [10].The protective roles of IL-10 in
MI suggested that IL-10 could be a potential treatment
for MI. Previously our group also demonstrated that
MSCs overexpressing IL-10 attenuated cardiac impair-
ments in MI rats, confirming the potentials of IL-10 plus
stem cell therapy to treat MI. However, the diabetic con-
ditions affected the MSCs activities and we detected
significantly decreased IL-10 production in BM-MSCs
from diabetic mice. Therefore, we compensated the
IL-10 expression in diabetic BM-MSCs using the dCas9
activation system (Fig. 1).

CRISPR activation (CRISPRa) is one type of CRISPR
tool that use modified versions of dCas9, a mutation of
Cas9 without endonuclease activity, with added tran-
scriptional activators on dCas9 or the guide RNAs
(gRNAs). By utilizing MS2, p65, and HSF1 proteins,
dCas9-SAM system recruits various transcriptional fac-
tors working synergistically to activate the gene of inter-
est [29]. In current study, we demonstrated that using
CRISPRa, we successfully overexpressed IL-10 in dia-
betic BM-MSCs. The expression of IL-10 by CRISPRs
was very stable as we also detected obvious expression
of IL-10 in mice after transplantation of BM-MSCs ex-
pressing IL-10 (Fig. 2). Besides CRISPRa, several other
strategies have been utilized to overexpress IL-10 in
BM-MSCs including AAV overexpression [30], retroviral
transduction [31]. The advantage of using CRISPRa is
that CRISPR will allow to study genes in their native
context and get more biologically relevant results.

Transplantation of IL-10 expressing MSCs has been
shown to attenuate cardiac impairments in MI rats [9].
In current study, we also demonstrated that CRISPRa
engineered BM-MSCs which overexpressed IL-10 pro-
tected against myocardial infarction in diabetic mice too.
Our current and previous study strongly suggested
MSCs-based stem cell therapy could be a very potential
treatment for MI. Ischemia/reperfusion of myocardium
results in a significant enhancement of inflammatory re-
sponse including inflammatory cells infiltration and pro-
duction of inflammatory cytokines including IL-1(,
TNE-a, IL-6 and MCP-1, which contributes to tissue ne-
crosis and mediates organ dysfunction. Transplantation
of IL-10 overexpressing BM-MSCs significantly blocked
CD68" inflammatory cells infiltration and productions of
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IL-1B, TNF-q, IL-6 and MCP-1. These inhibitory effects
majorly depended on the IL-10 expression in these
BM-MSCs as transplantation of BM-MSCs which did
not overexpress IL-10 did failed to inhibit neither in-
flammatory cells infiltration nor inflammatory cytokines
production (Fig. 3). In addition, transplantation of IL-10
overexpressing BM-MSCs significantly prevented cell
apoptosis and enhanced angiogenesis. These effects also
depended on IL-10 expression in BM-MSCs (Figs. 4 &
5)). All our findings were consistent with previous de-
scriptions of IL-10 actives, which included inhibiting
apoptosis of multiple cell types [9, 32, 33] and inducing
angiogenesis [34, 35].

The mechanisms underlying the effects of IL10 over-
expression in MSC therapy for MI animals need to be
further characterized. For example, oxidative stress has
been implicated in MI. As IL-10 has been shown to pro-
tect against oxidative stress [36], the anti-oxidative stress
activity of IL-10 expression in BM-MSCs should also
contribute to the protective activity against ML

In summary, we have demonstrated the therapeutic po-
tential of IL-10 overexpressed BM-MSCs in the treatment
of MI in diabetic mice. The infarct size and cardiac func-
tion recovery can be significantly promoted by transplant-
ation of IL-10 overexpressed BM-MSCs. Sustained cell
survival, attenuated inflammation and enhanced angio-
genesis contributed to the functional improvement of car-
diac regeneration after M1

We established IL10-overexpressing bone marrow-
derived mesenchymal stem cells by CRISPRa system
engineering. Transplantation of these BM-MSCs could be
used for the treatment of myocardial infarction in
diabetic mice.

Additional file

Additional file 1: Figure S1. (A) gRNAs (gIL10) were designed using the
CRISPR.mit.edu platform, and 6 candidate gRNA sequence were selected
according to the scores. (B) Activation of IL10 expression after transfected
with different pCas9/glIL10. The activation of IL10 were examined by real-
time PCR. The Guide#2 was selected for the further experiments. Figure S2.
Representative confocal laser microscopic images of engrafted BM-MSCs at
4 weeks after transplantation. GFP positive cells indicated the alive BM-MSCs.
Figure S3. The five sections of the representative Masson’s trichrome—
stained myocardial sections in the control MI heart or hearts treated with
BM-MSCs pCas9/gCtrl, pCas9/gIL10 or BM-MSCs pCas9/glL10. Blue, scar tis-
sue; red, viable myocardium. (PDF 233 kb)
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