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Background: Ischemia/reperfusion (I/R) injury following acute myocardial infarction (AMI) induces myocardial apoptosis.
Exosomes from KLF2-overexpressing endothelial cells (KLF2-EXO) dampened the effects of I/R injury. The intra-lymph node
drainage pathway provides an alternative method to study the therapeutic effects of exosomes. In this study, we explored the role of
intra-lymph node injection of KLF2-EXO in myocardial I/R injury.

Method and Result: Exosomes were isolated from KLF2-overexpressing mouse coronary endothelial cell supernatant via gradient
centrifugation. The mice were subjected to ischemia and reperfusion, and an appropriate dosage of KLF2-EXO was administrated via
intra-inguinal lymph node injection. KLF2-EXO attenuated I/R injury and alleviated myocardiocyte apoptosis in heart tissue, and
immunofluorescence staining indicated KLF2-EXO could be transferred into the heart. MiRNA-sequencing of KLF2-EXO implicated
that miRNA-486-5p (miR-486-5p) was a potent candidate mediator that inhibited myocardiocyte apoptosis, and the miR-486-5p
antagomir reversed the effect. Further bioinformatics analysis and confirmation experiments revealed that PTEN functions as
a downstream target and that the PTEN- PI3K/Akt pathway participates in the regulation of cardiomyocyte apoptosis.

Conclusion: Our data demonstrated that intra-lymph node injection of KLF2-EXO attenuated myocardial I/R injury in mice by
delivering miR-486-5p to target PTEN- PI3K/Akt pathway, which restrained myocardiocyte apoptosis. KLF2-EXO may serve as an
alternative therapy for myocardial I/R injury.

Keywords: intra lymph node injection, Kriippel-like factor 2-overexpressing mouse coronary endothelial cells, exosomes, myocardial
ischemia/reperfusion injury, myocardiocyte apoptosis, miRNA-486-5p

Introduction

Acute myocardial infarction (AMI) is a deadly disease worldwide due to decreased coronary blood flow, resulting in an
insufficient oxygen supply to the heart." Reperfusion therapy, including fibrinolytic drugs and percutaneous coronary
intervention (PCI), for AMI patients can recover blood flow to the ischemic myocardium and thus reduce the infarct
size.” However, reperfusion triggers further myocardial damage known as reperfusion injury.® The ischemia/reperfusion
(I/R) process induces various cascade reactions, including myocardiocyte apoptosis, neutrophil and monocyte activation
and recruitment, necrotic cell clearance, tissue repair, and so on.* ® Many studies have focused on exploring an effective
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method to sustain an optimal but not an excessive inflammatory response.” ® Reducing myocardiocyte apoptosis is
another way to repair the myocardium and improve its prognosis. '’

Endothelial cells (ECs) play a vital role in vascular homeostasis as major functional coordinators.'’:'? Under
pathological stress, ECs highly express Kriippel-Like Factor 2 (KLF2) through mechanosensory complex activation
and adapt to laminar blood flow."® Previous studies have shown that KLF2-transduced ECs mediate monocyte/macro-
phage polarization during atherosclerosis.'* However, the effect of KLF2-overexpressing endothelial cells on myocardial
apoptosis following myocardial I/R injury remains unclear.

Exosomes, small particles with a diameter of approximately 50-150 nm, are potential biological mediators of
therapeutic effects in diseases via their participation in intercellular communication.'> Compared with cell therapy,
exosomes have many benefits, including immunological inertness, nontoxicity, biocompatibility, escape from phagocy-
tosis, and capacity to pass through biological barriers.'® In a recent study, exosomes derived from KLF2-transduced ECs
inhibited atherosclerotic lesion formation in the aortas of ApoE ™ mice.'* Coincidentally, our previous study also
indicated that extracellular vesicles derived from KLF2-transduced endothelial cells ameliorate myocardial I/R injury
by inhibiting Ly6C™&" monocyte recruitment’ and attenuating left ventricular dysfunction in a dilated cardiomyopathy
(DCM) mouse model.'” However, whether exosomes from KLF2-overexpressing ECs can reduce myocardial apoptosis
in myocardial I/R injury remains to be explored.

The lymphatic system is part of the vertebrate immune system and is complementary to the circulatory system.'® The
lymph is a clear fluid in the lymphatic vessels back to the heart for recirculation, which transports cells and extracellular
vesicles from the lymph nodes into the bones and heart.'” The inguinal lymph nodes are in the groin area and are
classified as superficial or deep; the former can be found after peeling within the femoral triangle in mice, and the latter is
medial to the femoral vein. A Technetium-99 m radiolabelled nano colloid or blue dye is also often injected locally to
assist with the visualization of nodes after incision.?® Therefore, the inguinal lymph node-lymph-heart axis can be used to
transport therapeutic exosomes. We chose intra-inguinal lymph node (iILN) injection over intracoronary (IC), intrave-
nous (IV), or intramyocardial (IM) injections because of its operability and safety. However, the detailed mechanisms
underlying the treatment of myocardial I/R injury with iILN injections remain elusive.

In this study, we isolated exosomes from KLF2-overexpressing mouse coronary endothelial cells (MCAECs) (KLF2-
EXO), and injected them into mice after myocardial I/R injury. We found KLF2-EXO could restrain myocardiocyte
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apoptosis and improve heart function, mediated via miRNA-486-5p (miR-486-5p) by targeting the PTEN- PI3K/Akt
pathway.

Methods

Cell Experiments Protocol

The MCAECs were isolated from mouse coronary endothelium according to the protocol.?! C57BL/6 mice were
purchased (4 weeks of age) from the Model Animal Research Center of Nanjing University, and were injected
intraperitoneally with 0.1 mL of Heparin to prevent blood coagulation and then were anesthetized by 1.5% isoflurane
inhalation. Carefully isolate heart and put it into in a beaker with 1x Kreb’s buffer. The heart tissue was digested with
enzyme solution and conjugated with magnetic beads that took rat anti-mouse CD31 antibody. MCAECs were gained
through magnetic activated cell sorting. MCAECs purity test was performed by staining cells with an endothelial cell
surface marker CD31 and Dil-acLDL.

Exosomes Isolation and Characterization

MCAECs were cultured in endothelial cell culture medium (Cat #1001, ScienCell, San Diego, California, U.S.A).
Exosomes were extracted by gradient centrifugation as previously described.” Exosome characterization was based on
a general identification standard for exosomes.*

Animal Experimental Procedure

C57BL/6 mice at 8 weeks of age were bought from the Model Animal Research Center at Nanjing University. Mice were
subjected to ischemia by surgically ligating the left anterior descending (LAD) coronary artery for 45 minutes, followed
by reperfusion, as previously described.® Immediately after reperfusion, KLF2-EXO group mice were injected in inguinal
lymph nodes with a total of 20 pL. PBS containing KLF2-EXO at 1.5pg/g of body weight, and vector-EXO group mice
were injected with an equal volume of vector-EXOs. The exosome dose was determined based on the results of
a preliminary experiment.

Evans Blue and 2,3,5-Triphenyltetrazolium Chloride (Evans Blue/TTC) Staining

3 days following ischemia/reperfusion (I/R) injury, mice were anesthetized and the left anterior descending (LAD)
coronary artery was re-occluded at the previous ligation and aorta was ligated at root, and then 0.1 mL of 1% Evans blue
(Sigma-Aldrich, St. Louis, MO, USA) was injected into the left ventricular (LV) cavity. The heart was quickly excised,
washed with normal saline and immediately frozen. Afterward, the heart tissue was cut in short-axis direction at 1 mm
thickness and were incubated at 37°C in 1.5% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich) for 15 minutes.
The heart pieces were unfolded in glass slide and digitally photographed. LV area, areas at risk (AAR), and infarct size
(IS) were determined by computerized planimetry and comprehensively analyzed in serial sections of each mice using
Image J software (version 1.38, National Institutes of Health, Bethesda, MD, USA).

Histology

Histology of hearts was assessed on day 14 after myocardial I/R. Hearts were arrested in diastole late term with
intraventricular injection of 10% potassium chloride (KCl). The heart was quickly excised, washed with normal saline
and were fixed with 4% phosphate-buffered formalin. After gradually dehydration and embedded in paraffin, the tissue
was cut into transverse sections at 5 um thickness. For Masson trichrome staining, tissue slices were stained with Masson
trichrome or Sirius red according to the manufacturer’s instruction. To assess scar area, we digitally photographed the
heart tissue slides and calculated the ratio of the collagen (blue-stained) area to the total tissue area. The collagen-rich
border zone of the vessels was excluded from the analysis. For TUNEL staining, the deparaffinized tissue slides were
boiled in citrate buffer at 100 °C for one hour for antigen retrieval and then were blocked in 1% FBS at room temperature
for one hour followed by overnight incubation with primary antibodies at 4 °C. To determine apoptosis level of
myocytes, we used a double staining with MHC antibody (Invitrogen, USA) and TUNEL (KeyGEN, China) in
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conjunction with DAPI. Images were captured and processed using a fluorescence microscopy (IX 53, Olympus
Corporation, Japan). Count and calculate separately MHC+TUNEL+ cells ratio in three fields (400x magnification)
from four or five animals with each treatment.

Echocardiography

Cardiac function was evaluated professional technicians using Color Doppler Echocardiography (VEVO 1100 Imaging
system; VisualSonics Inc). Mice were under light anesthesia and two-dimensional short and long axes imaging were
acquired to calculate LV functional parameters. LV end-systolic diameter (LVID; d), LV end-diastolic diameter (LVID; s),
interventricular septal thickness (IVS) and LV posterior wall thickness (LVPW) (end-diastolic and end-systolic) were
measured from at least three consecutive cardiac cycles on the M-mode tracings. LV fractional shortening (FS) was
determined as [(LVIDd-LVIDs)/LVIDd]x 100. LV ejection fraction (EF) was calculated as: EF (%) = ((LVVold-LV
Vols)/LVVold) x 100. LVVold = ((7.0/(2.4 + LVIDd)) x LVIDd3); LVVols = ((7.0/(2.4 + LVIDs)) x LVIDs3).

Labelling of Exosomes with CM-DilL

To observe the transfer and distribution of the exosomes in vivo, exosomes were labelled with CM-DiL (Cat#C7000,
Thermo Fisher Scientific, Waltham, Massachusetts, U.S.A) according to the manufacturer’s instructions. Then the CM-
DiL-labelled KLF2-EXOs (1.5 pg/g) were injected into the inguinal lymph nodes in I/R injury mice. After 72 hours, the
inguinal lymph nodes, axillary lymph nodes and heart tissue were separated from mice and cut into tissue slides. The
slides were photographed with a confocal microscope (FV1200, Olympus, Breinigsville, Pennsylvania, U.S.A) in
conjunction with DAPIL

MicroRNA Microarray

Total mRNA in the exosomes was extracted using TRIzol® Reagent (Cat#15596026, Thermo Fisher Scientific, Waltham,
Massachusetts, U.S.A) according to the manufacturer’s protocol. RNA consistency was determined using a correlation
plot. In the process of differentially expressed miRNA analysis, [log2(FC)| > 0.584962500721156 and P value<=0.05
were used as screening criteria. In addition, considering that miRNAs expressed at low levels have little biological
significance, we retained only those miRNAs with mean expression levels higher than 10 as the final set of differentially
expressed miRNAs. Microarray analysis was performed using the edgeR software based on the miRBase database. Three
duplicates of exosomes were included for each group.

Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from frozen or fresh tissues and cells with TRIzol® Reagent (Invitrogen) and reversely
transcribed into cDNA with the Transcriptor First Strand cDNA Synthesis Kit (Roche LifeScience) to add polyA tail
for miRNA. The expression levels of genes were quantified with the SYBR Green Reagents Kit (Roche LifeScience), and
was normalized to that of the internal reference gene U6 to calculate the 2—ACt value. Data were showed as the mean +
SD from at least three repeated experiments. The sequence of primers (5 to 3'): miR-486-5p-forward:
GCAGTCCTGTACTGAGCTG; miR-486-5p-reverse: GTCCAGTTTTTTTTTITTTTTTCTCG; U6-forward:
CGCTTCGGCAGCACATATAC; U6-reverse: AAATATGGAACGCTTCACGA. KLF2-forward:
CTCAGCGAGCCTATCTTGCC; KLF2-reverse: CACGTTGTTTAGGTCCTCATCC.

Prediction of Target Genes and Dual-Luciferase Reporter Assay

We used TargetScan7.2 software to predict the potential target genes of miR-486-5p, and then divided these genes into
different groups according to the results of the GO and KEGG analyses. A dual-luciferase reporter assay was used to
confirm the interaction between miR-486-5p and tensin homolog (PTEN). The sequence of miR-486-5p is
UCCUGUACUGAGCUGCCCCGAG. The mRNA sequence of the PTEN mRNA 3'-UTR segment (5'-
ATATTTGTAGTGGGGTACAGGAATGAACCAT...3") was amplified, and the corresponding cDNA segments were
inserted into the pRL-TK vector (KeyGEN, Nanjing, Jiangsu, China). HEK293 cells were transfected with PTEN or
NC vectors as well as miR-486-5p mimic or mimic-NC using Lipofectamine 2000 (Cat#11668030, Thermo Fisher
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Scientific, Waltham, Massachusetts, U.S.A). Luciferase activity was detected and analyzed using the Dual-Luciferase®
Reporter Assay System (Cat#N1610, Promega, Madison, Wisconsin, U.S.A) after 48 hours. Three replicates were
performed for each group.

Western Blot

The total protein was extracted from tissue or cells and boiled with loading buffer for 5 minutes. Protein electrophoresis
was conducted using TGX FastCast acrylamide Kit (BIO RAD Laboratories Inc)., and then transferred to PVDF
membrane (Millipore, Bedford, MA, USA). After blocking in 5% dry milk, the membrane was incubated with primary
antibodies (KLF2: Invitrogen, MA5-48691, 1:1000; Bax: Proteintech, 50599-2-Ig, 1:5000; Bcl2: Abmart, T40056F,
1:1000; PI3K: Abmart, T40115F, 1:1000; Phospho-PI3-kinase: Abmart, 1:1000; Phospho-Akt: Abmart, T40056F,
1:1000; AKT: Proteintech 10176-2-AP 1:5000; GAPDH: Proteintech, 10494-1-AP, 1:20,000; B-Tubulin: Proteintech,
10094-1-AP, 1:5000; Cleaved Caspase3: CST, 9661T, 1:1000). Next, the membrane was washed in Tris-buffered saline
with Tween 20 (0.1%) (TBS-T) for least three times and was incubated with horseradish peroxidase-conjugated
secondary antibodies (HRP-conjugated Goat Anti-Rabbit IgG(H+L): Proteintech, SA-00001-2, 1:10000; HRP-
conjugated Goat Anti-Mouse IgG(H+L): Proteintech, SA-00001-1, 1:10,000). Detection was performed using ECL
Prime (GE Healthcare, Logan, UT, USA) according to the manufacturer’s instructions.

Recombinant Lentivirus Vector Assembly and Transduction into MCAECs

In the present study, we first constructed a GV358 vector (Ubi-MCS-3FLAG-SV40-EGFP-IRES-puromycin) carrying
Kriippel-Like Factor 2 (KLF2) cDNA and was co-transfected with lentivirus backbone plasmid into HEK293A cells to
produce the recombinant lentivirus vector Lv-KLF2. Another GV358 vector without KLF2 ¢cDNA was used to generate
empty viruses as controls (empty vector). ECs were cultured at a density of 1x1076 cell/mL in six-well plates overnight.
The lentiviruses (1.5%10"9 TU/mL) were diluted with 1 mL of complete medium containing HitransG P (1 pg/mL,
GeneChem, China) and then added to MCAECs. After transfection for 12 hours at 37 °C, the medium was changed to
fresh virus-free medium. Continually culturing for 72 hours, we could detect successfully transfected cells presented
green fluorescence (GFP positive) with a fluorescence microscopy (IX 53, Olympus Corporation, Japan). Next, the
puromycin (5 pg/mL) was applied to the culture medium to remove negative cells, and the selected cells were KLF2-
transfected ECs. The KLF2 expression levels were measured by quantitative reverse transcriptase polymerase chain
reaction (QRT-PCR) and Western blot.

Statistical Analysis

All values are presented as the mean + standard deviation (SD) as appropriate. Statistical significance was measured
using Student’s #-test for two-group comparisons and one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test for multiple-group comparisons. P values were considered statistically significant differences.
All statistical analyses were performed using GraphPad Prism 9.0 (Graph Pad Prism Software, Inc., Boston,
Massachusetts, U.S.A).

Results
Exosomes Were Isolated from KLF2-Transduced MCAECs

MCAECs were isolated from the coronary endothelium of C57BL/6 mice and stained with the endothelial cell surface
markers CD31 (Figure 1A) and Dil-acLDL (Figure 1B) to confirm their purity. The percentage of MCAECs (CD31+ or
Dil-acLDL+ cells) was > 90%. These results indicate that MCAECs were successfully isolated. We then transduced
MCAECs with a lentivirus vector encoding KLF2 (KLF2-MCAECs), which resulted in a prominent increase in KLF2
expression at the mRNA and protein levels compared to those in non-sense lentiviral vector-transduced MCAECs
(vector-MCAECs) (Figure 1C—F). Next, we cultured KLF2-MCAECs and vector-MCAECs, separately isolated exo-
somes (KLF2-EXO and Vector-EXO) from the culture supernatant via ultracentrifugation, and identified KLF2-EXO.
Nanoparticle tracking analysis (NTA) showed that the diameters of the vesicles ranged from 50 to 150 nm (Figure 2A,

International Journal of Nanomedicine 2025:20 https: 4971



Qiao et al

B J

10 ug/mL--
20 L‘g/mL--
o --

Figure | Overexpress KLF2 in mouse coronary endothelial cells (MCAECs) with a lentivirus vector. (A) Fluorescence images showing CD31 staining in red in MCAECs and
Hoechst staining in blue in the nucleus. Scale bar=25um. (B) Fluorescence images showing acLDL staining in red uptake in MCAEC:s at different concentrations of 10ug/L,
20pg/L and 50pg/L, and the nucleus stained with Hoechst in blue. Scale bar=25um. (C) Representative fluorescence staining of KLF2 (green fluorescent protein) in KLF2-
transduced MCAECs. Scale bar=100um. (D) Quantification of KLF2 mRNA by qRT-PCR in KLF2-transduced MCAECs compared with empty vector-transduced MCAECs
(n=3). (E) Representative images of Western blotting to assess KLF2 expression in KLF2-transduced MCAECs (KLF2-MCAEC), empty vector-transduced MCAECs (vector-
MCAEC), and MCAECs. (F) Quantification of (E) (n=3). Graphs represent mean * SD. Statistical significance was measured using Student’s t-test for comparison between
two groups and one-way ANOVA followed by Tukey’s multiple comparisons test for multiple group comparisons. *P < 0.05, **P < 0.01.
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Figure 2 Exosomes were isolated from KLF2-transduced mouse coronary endothelial cells (MCAECs). (A) Nanoparticle trafficking analyzed the diameters and
concentration of KLF2-EXO (KLF2-transduced MCAECs derived exosomes). (B) Transmission electron micrograph of KLF2-EXO. Scale bar=0.5um/200 nm. (C)
Representative images of Western blot to assess the presence of CD9, CD63, Tsgl0l and Calnexin of KLF2-EXO.

Supplementary Material 1 for detailed data). Transmission electron microscopy (TEM) demonstrated that the vesicles

had a cup-shaped canonical morphology and double-layer membrane structure, which is specific for exosomes
(Figure 2B). Furthermore, Western blotting revealed that the extracellular vesicles expressed exosome markers, such
as CD63, CD9, and TsglO01, and lacked the cellular debris protein calnexin (Figure 2C). These results confirm the
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authenticity of the isolated particles as exosomes. Additionally, the protein concentration of the exosomes measured
using BCA was strongly correlated with the number of exosomes measured using NTA. Thus, we used the BCA assay to

quantify exosomes.

KLF2-EXO Attenuated Myocardial I/R Injury

To explore whether KLF2-EXO attenuated myocardial I/R injury, we surgically induced I/R injury in mice and injected KLF2-
EXO or Vector-EXO into the inguinal lymph nodes immediately after reperfusion. Cardiac function was assessed using
echocardiography (UCG) 3 and 14 days after myocardial I/R injury. We found that both the ejection fraction (EF) and
fractional shortening (FS) were increased on day 3 and 14 in KLF2-EXO-treated mice compared with those in the vector-EXO
-treated mice group (Figure 3A-F), indicating improved cardiac function. Evans blue/TTC staining was used to determine the
extent of cardiac I/R injury on day three after reperfusion. Although the areas at risk (AAR) were similar, the infarct size (IS)/
AAR ratio was significantly lower in KLF2-EXO-treated mice than in the control mice (Figure 3G-I). The heart was harvested
after UCG administration on day 14 for histological assessment. Masson’s trichrome staining revealed that KLF2-EXO
reduced fibrosis area in the infarct zone (Figure 3J and K). Therefore, we concluded that KLF2-EXO attenuated myocardial 1/
R injury, including improved cardiac function, reduced infarct area, and alleviated fibrosis, compared with vector-EXOs. We
investigated the mechanism underlying of KLF2-EXO' effect on myocardial I/R injury in subsequent experiments.
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Figure 3 KLF2-EXO attenuated myocardial ischemia-reperfusion (I/R) injury. (A) Representative echocardiography M-mode images of Vector-EXO and KLF2-EXO treated
mice in 3 days following myocardial I/R injury. KLF2-EXO: KLF2-transduced MCAECs derived exosomes; Vector-EXO: vector-transduced MCAECs derived exosomes;
(B and C) Quantification of ejection fraction (EF) and fractional shortening (FS) of Vector-EXO and KLF2-EXO treated mice in 3 days following myocardial I/R injury (n=5 in
Vector-EXO group, n=7 in KLF2-EXO group). (D) Representative echocardiography M-mode images of Vector-EXO and KLF2-EXO treated mice in |4 days following
myocardial I/R injury. (E and F) Quantification of ejection fraction (EF) and fractional shortening (FS) of Vector-EXO and KLF2-EXO treated mice in 14 days following
myocardial I/R injury (n=5 in Vector-EXO group, n=7 in KLF2-EXO group). (G) Representative images of hearts with Evans blue/TTC staining of Vector-EXO and KLF2-EXO
treated mice in 3 days following myocardial I/R injury. Scale bar=5mm. (H and I) Quantitative analysis of the percentage of AAR/left ventricle and percentage of IS/AAR
(n=6). AAR: Area-at-risk; IS: infarct size. (J) Representative images of Masson trichrome staining to assess fibrosis area of Vector-EXO and KLF2-EXO treated mice in 4
days following myocardial I/R injury. Scale bar=100um. (K) Quantification of fibrosis area (%) in Masson trichrome staining within the ischemic heart 14 days following
operation (n=5 in Vector-EXO group, n=6 in KLF2-EXO group). Graphs depict mean * SD. Statistical significance was measured via Student’s t-test for two groups’
comparison. P < 0.01, ***P < 0.0001, ns= not significant.
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KLF2-EXO Were Transported into Heart and Inhibited Myocardiocyte Apoptosis
After I/R Injury

The lymph is a systemic organ, and the lymph fluid can transport immune cells and extracellular vesicles. Exosomes were
labelled with the fluorescent membrane marker CM-DiL (red) and injected into inguinal lymph nodes of mice with I/R
injury. After 72 hours, we harvested the inguinal, heart, and axillary lymph nodes separately and detected red
fluorescence in all three tissues in the KLF2-EXO and vector-EXO groups (Figure 4A). These data suggested that KLF2-
EXO can be transported through the lymphatic system into the heart tissue.

Ischemia induces apoptosis in myocardial cells, and the inflammatory cascade exacerbates this process.”® Therefore,
the inhibition of myocardial apoptosis after I/R injury could rescue cardiac function. Next, we examined alterations in
myocardiocyte apoptosis in the cardiac tissue. Immunofluorescence staining revealed that the number of MHC" TUNEL"
cells (apoptotic myocytes) was significantly lower in KLF2-EXO-treated mice than that in vector-EXO-treated mice
(Figure 4B and C). In addition, Western blotting of heart tissues on day 3 after I/R injury revealed significantly decreased
expression of the apoptotic activator Bcl2 associated X (Bax) and cleaved Caspase3, which are responsible for
morphological and biochemical changes in apoptosis, as well as significantly increased expression of Bcl2, which blocks
the apoptotic death of cells in KLF2-EXO-treated mice (Figure 4D and G). These results revealed that the potential
effects of KLF2-EXO can be ascribed to the regulation of cardiomyocyte apoptosis.
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Figure 4 KLF2-EXO were transported into heart and inhibited myocardiocytes apoptosis after ischemia-reperfusion (I/R). (A) Representative fluorescence image of the
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MiR-486-5p Was a Potent Candidate Mediator in KLF2-EXO' Effect on Myocardial I/R
Injury

Recent studies have reported that exosomes participate in intercellular communication via bioactive molecules including
miRNAs.>* Next, we explored whether any specific miRNAs in the KLF2-EXO exerted their effects. We carried out miRNA
array analysis, and after normalization of raw sequencing data, two groups of exosomes containing three repeats were found to
be highly consistent (Supplementary Material 2 for detailed data). A total of 829 miRNAs, including 805 known miRNAs
(Supplementary Material 3 for detailed data), and 24 novel miRNAs were detected. Taking the fold change, P value, and mean

expression level into consideration, we found that 96 miRNAs were differentially expressed, with 40 miRNAs upregulated
and 56 miRNAs downregulated expression in KLF2-EXO compared to vector-EXOs (Figure 5A and B, Supplementary
Material 4 for detailed data). The volcano plot (Figure 5B) clearly revealed that the expression of miR-486-5p was the most
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significantly different, with a greater fold change (log2(fold change) =2.9773, -logl0 (P value) =14). Based on previous
studies,” miR-486-5p was selected for further analysis (Supplementary Material 5). MiR-486-5p was confirmed to be more
abundant in KLF2-EXO than Vector-EXO in vector-EXOs (Figure 5C).

MiR-486-5p Antagomir Abolished the Effect of KLF2-EXO on Attenuating Myocardial

I/R Injury

To determine whether the cardioprotective effects of KLF2-EXO depended on miR-486-5p, we used an miR-486-5p
antagomir or negative control (NC) antagomir to transfect KLF2-MCAECs and isolated exosomes from the supernatants
of cultured cells. Next, we injected exosomes into inguinal lymph nodes immediately after reperfusion and assessed the
extent of cardiac I/R injury and cardiac function between miR-486-5p antagomir-MCAEC-derived exosome-treated mice
(miR-486-5p-Antagomir) and NC antagomir-MCAEC-derived exosome-treated mice (antagomir-NC). UCG data illu-
strated that the improvements in cardiac function, including EF and FS, on day 3 caused by KLF2-EXO were reversed by
the application of the miR-486-5p antagomir but not the NC antagomir (Figure 6A—C). And the infarct size IS/AAR ratio
in miR-486-5p antagomir treated mice is significantly higher than antagomir NC treated mice (Figure 6D-F).
Additionally, the decrease in the expression of Bax and cleaved Caspase3 and the increase in the expression of Bcl2
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in the heart tissue were attenuated by pretreatment with miR-486-5p antagomir (Figure 6G and H). These data reveal that
miR-486-5p contributes to the benefits of KLF2-EXO in myocardial I/R injury.

PTEN-PI3K/Akt Pathway as Downstream Mechanism Participated in Regulation of

KLF2-EXO on Myocardiocytes Apoptosis
We further explored the downstream mechanism by which miR-486-5p in KLF2-EXO affected myocardial I/R injury.
Using TargetScan?7.2, we predicted the potential target genes of miR-486-5p (Supplementary Material 6 for detailed data).

We subsequently performed functional enrichment analysis with target genes (Figure 7A, Supplementary Materials 7 and 8

for detailed data) and focused on the apoptotic process (Supplementary Material 9 for detailed data). In combination with

aprevious study,” we selected PTEN, which is essential for apoptosis, as a potential target of miR-486-5p. We also detected
reduced PTEN expression in KLF2-EXO-treated mice compared to vector-EXO-treated mice (Figure 7D and E). Next, we
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used a dual-luciferase assay to observe the interaction between miR-486-5p and PTEN and found that the relative luciferase
activity decreased in cells co-transfected with the plasmid carrying wild-type (WT)PTEN 3°UTR sequences and miR-486-
5p mimics, whereas the luciferase activity in cells transfected with the control plasmid and miR-486-5p mimics remained
unchanged (Figure 7B and C). These results suggested that miR-486-5p specifically binds to the 3'-UTR of PTEN mRNA.
Finally, we investigated the downstream pathway of miR-486-5p-PTEN regulation. A previous study showed that over-
expression of miR-486-5p, which targets PTEN, protects against coronary microembolization-induced cardiomyocyte
apoptosis and improves cardiac function in rats by activating the PI3K/Akt pathway.”> We detected the activation of PI3K
and Akt proteins in KLF2-EXO-treated mice, and Western blotting of heart tissues collected on day 3 after /R injury
revealed significantly increased expression of phosphorylated PI3K and Akt (Figure 7D and F-I). These results demon-
strated that the PTEN-PI3K/Akt pathway is the key regulatory component in KLF2-EXO that contributed to the inhibition
of cardiomyocyte apoptosis and attenuation of myocardial I/R injury.

Discussion

Myocardial necrosis occurs in AMI when coronary blood flow decreases and insufficient oxygen supply to the heart
causes cardiac ischemia.”® Myocardial I/R injury after AMI is a critical problem in clinical practice. Reduction in
myocardial apoptosis can efficiently alleviate injury.?’ In this study, we first established the use of intra-inguinal lymph
node injection as a delivery pathway to exert potential therapeutic effects of KLF2-EXO in myocardial I/R injury. We
subsequently highlighted that miR-486-5p, which is abundant in KLF2-EXO, inhibited myocardial apoptosis following
myocardial I/R injury, whereas miR-486-5p antagomir abrogated the effect of KLF2-EXO. Finally, we found that this
regulation is mediated by targeting PTEN- PI3K/Akt pathway. Thus, our study identifies a novel therapeutic strategy for
I/R injury.

KLF?2 is a key transcriptional regulator in ECs that is activated by the shear stress of blood in vessels and contributes
to maintaining endothelial physiological conditions by inhibiting cytokine-mediated induction of E-selectin and vascular
cell adhesion molecule (VCAM)-1 expression.”®*’ In our previous study, we reported that KLF2 overexpression
upregulated anti-inflammatory cytokines and mimicked the physiological and anti-inflammatory phenotypes of cultured
ECs.” Therefore, we transfected MCAECs with a lentivirus vector encoding KLF2, which resulted in a highly increase of
KLF2 expression, and further experiments were performed.

Exosomes are tiny biological extracellular vesicles with membrane structures that are essential mediators of inter-
cellular information transmission, and are widely involved in the regulation of cell function via the delivery of noncoding
RNAs.** Previous studies have suggested that mesenchymal stem cell exosomes mediate cartilage repair by attenuating
apoptosis, increasing proliferation, and modulating immune reactivity.*® They can also reduce cardiomyocyte apoptosis
under hypoxic conditions by microRNA144 via targeting the PTEN/AKT pathway.>' Therefore, specific cell-derived
exosomes could effectively regulate cardiomyocyte apoptosis. In addition, Akbar et al revealed that endothelium-derived
extracellular vesicles link ischemic myocardium with monocyte mobilization and transcriptional activation following
AMI via transformation of miRNA-126-3p and —5p.>? In the current study, we confirmed KLF2-EXO attenuated
myocardial I/R injury in mice by delivering miR-486-5p, which inhibited myocyte apoptosis. MiR-486-5p is enriched
in muscle and highly abundant in plasma and exosomes. Preclinical studies have shown that miR-486-5p targets genes
that regulate signaling pathways involved in cellular angiogenesis, proliferation, migration, and apoptosis.*> MiR-486-5p
has been validated to target PTEN and FoxOl1, the suppression of which activates PI3K/Akt signaling.** In addition,
targeting Smad1/2/4 and IGF-1 by miR-486-5p inhibits TGF-B and IGF-1 signaling,*>~° respectively. Other miR-486-5p
targets include MMP—19,37 Sp5,3 8 HATl,39 and NFAT5.% In this study, we found that miR-486-5p targets PTEN and
promotes the phosphorylation of PI3K/Akt signaling, leading to the inhibition of cardiomyocyte apoptosis.

Our previous study also revealed that EVs derived from KLF2-overexpressing HUVECs containing miR-24-3p
prevented Ly6C™E" monocyte recruitment from bone marrow.” In this study, we used exosomes derived from KLF2-
overexpressing MCAECs, as well as intra-inguinal lymph node (iILN) injection, as a delivery approach to treat mice
following myocardial I/R injury, and found that these exosomes reduced cardiomyocyte apoptosis and increased cardiac
function by delivering miR-486-5p. Different pathways lead to the same destination, and although the two therapeutic
methods involve different mechanisms, both alleviate myocardial I/R injury. Therefore, exosomes derived from KLF2-
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overexpressing MCAECs may have similar functions, including prevention of Ly6C"#" monocyte recruitment through
other molecular transformations. In the next step, we investigated additional mechanisms.

The lymphatic system is an entire network including vessels, nodes, and ducts that are distributed in almost all bodily
tissues, which builds the circulation of lymph fluid similar to that of blood;*! thus, it could be considered an alternative
drug delivery pathway. Exosomes injected with iILN are transferred via lymphatic drainage to the target organs.'” IILN
injection has multiple advantages over IV, IC, and IM injection in terms of cost, feasibility, therapeutic retention, and IM
injection methods.**** Although IV and IC injections can be easily administered, a limited number of exosomes are
transferred to the heart. IM injection has a more effective therapeutic effect; however, it is expensive and invasive, with
a complicated system and thoracotomy. IILN injection can be implemented with a minimally invasive procedure using
only a fine needle, but it yields prolonged retention and myocardial distribution of therapeutics. In addition, previous CT/
PET imaging studies have revealed the existence of a mediastinal lymph node (MLN)-heart axis in AMI patients;** thus,
lymph containing therapeutic exosomes can flow rapidly to mediastinal lymph nodes and pericardial cavities in response
to cardiac injuries, exerting regulatory effects. Other studies have shown that intrapericardial exosome therapy dampens
cardiac injury by activating Foxo3 and building a regulatory T cell-inducing niche in mediastinal lymph nodes.*> We
aimed to perform an intraperitoneal injection of exosomes to determine whether they would achieve improved
effectiveness.

Our study had several limitations. Although the miR-486-5p antagomir reversed the effects of KLF2-EXO, the
specific mechanisms should be investigated in PTEN ™~ mice. Additionally, extracellular vesicles derived from another
type of KLF2-overexpressed endothelial cells can also play important roles in attenuating myocardial I/R injury via
another signaling pathway.” In the future, we will explore the broad effects of KLF2 overexpression on cardiac I/R injury.
Additionally, the predominant sites of exosome clearance are the spleen and liver,*® and a large volume of exosomes
must be injected into the lymph nodes to confirm that exosomes are sufficient to exert their effect. Therefore, we will
begin a new study to modify exosomes, which can help them escape phagocytosis and degradation in the circulation. We
aimed to determine its protective effect at a low dose and its wide clinical application in patients with AMI.

Conclusions

Our study demonstrated that intra-lymph node injection of KLF2-transduced MCAE-derived exosomes improves cardiac
function and inhibits myocardiocyte apoptosis in mice following myocardial I/R injury. We also provide evidence that
miR-486-5p packaged in exosomes is involved in restraining myocyte apoptosis by targeting the PTEN- PI3K/Akt
pathway. This study provides a new therapeutic approach involving the injection of KLF2-EXO into the lymph nodes for
the treatment of myocardial I/R injury.
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