In vivo therapy of myocardial infarction with mesenchymal stem cells modified with prostaglandin I synthase gene improves cardiac performance in mice
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Ab s t r a c t
Aim: Intra-myocardial injection of adult bone marrow-derived stem cells (MSC) has recently been proposed as a therapy to repair damaged cardiomyocytes after acute myocardial infarction (AMI). PGI2 has vasodilatation effects; however, the effects of combining both MSC and PGI2 therapy on AMI have never been evaluated. Main methods: We genetically enhanced prostaglandin I synthase (PGIS) gene expression in mouse mesenchymal stem cells (MSC) using lentiviral vector transduction (MSCPGIS). Mice were subjected to an AMI model and injected (intra-myocardially) with either 5×104 MSCs orMSCPGIS before surgery. Fourteen days post AMI, mice were analyzed with echocardiography, immunohistochemistry, and apoptotic, and traditional tissue assays.
Key findings: Lenti-PGIS transduction did not change any characteristic of the MSCs. PGIS over-expressed MSCs secreted 6-keto-PGF1α in the culture medium and decreased free radical damage during hypoxia/reoxygenation and H2O2 treatment. Furthermore, splenocyte proliferation was significantly suppressed with MSCPGIS as compared with MSCs alone. Fourteen days post AMI, echocardiography showed more improvement in cardiac function of the MSCPGIS group than the MSC alone group, sham-operated group, or artery ligation only group. The histology of MSCPGIS treated hearts revealed MSCs in the infarcted region and decreased myocardial fibrosis/apoptosis with limited cardiac remodeling. Furthermore, the level of the vascular endothelial growth factor was elevated in the MSCPGIS group as compared to the other three groups. Significance: In summary, our results provide both in vitro and in vivo evidence for the beneficial role of MSCPGIS in limiting the process of detrimental cardiac remodeling in a mouse AMI model during early stages of the disease.
Introduction
Recently, some studies have been done on transplant therapies using intramyocardial injection of bone-marrow-derived mesenchymal stem cell (MSC) in patients with acute myocardium infarction (AMI) (Beeres et al., 2006; Laflamme and Murry, 2005; Tse et al., 2003; van Ramshorst et al., 2009) and animal models as well (Davani et al., 2003; Min et al., 2002; Shake et al., 2002). Administration of therapeutic cells into the infarction-damaged myocardium had beneficial effects. The therapy increased myocardium perfusion and improved heart function. Recent animal studies suggest that cell therapymay also preserve cardiac tissue, generate de novo myocardium, and promote neo-vascularization (Orlic et al., 2001; Tomita et al., 2002; Yoon et al., 2005).Marrow stromal cells may present an intriguing model for examining the multi-lineage and differentiation potential of stem cells (Prockop, 1997). Subsequently, MSCs have been identified with low immunogenicity and can be used allogeneically and delivered systemically. Due to their ease of expansion, genetic stability, and their trophic effects through paracrine induction (Toma et al., 2002; Wollert and Drexler, 2005), MSC therapy can be a viable and promising option among the various stem cell types in AMI treatment.
Recently, MSCs have been genetically enhanced by lentiviral vectors to stabilize gene expression and to increase their therapeutic potential. An engineered AKT gene was introduced to the MSCs to increase the cell survival rate via AKT's anti-oxidative stress effects (Gnecchi et al., 2005, 2006, 2009). Other researchers have used candidate genes to genetically enhance the therapeutic efficacy of the stem cells (Lim et al., 2006; Mangi et al., 2003). Example include, Pim-1, a cardioprotective kinase that enhances cell survival and proliferation; IGF-1, a growth factor that potentiates the activation and differentiation of delivered progenitor cells; and CCR1, a chemokine receptor that enhances the migration, survival, and engraftment of MSCs (Fischer et al., 2009; Huang et al., 2010; Padin-Iruegas et al., 2009). Since PGI2 is a vasodilator, which promotes angiogenesis, and has an anti-inflammation effect, these dual effects could be useful in myocardium infarction therapy. Although, a PGIS-modified MSC (MSCPGIS) strategy was recently reported to exert a beneficial role in hindlimb ischemia and pulmonary hypertension (Ishii et al., 2009; Kawakami et al., 2007), it has not been used for AMI treatment. The present study shows that PGIS over-expressed MSCs are more resistant to free radical stress-induced apoptosis. We also demonstrated that MSCPGIS secrete paracrine factors to enhance immunemodulation and, thus, provide cardiac protection. We also detected substantial retention of MSCPGIS in the infarcted heart region. Detrimental cardiac remodeling was prevented and cardiac function was restored through increased angiogenesis.
Materials and methods
Isolation and purification of mouse MSCs
Male C57BL/6 mice (8–10 weeks) received humane care in compliance with the Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources (NIH publication No. 86-23, revised 1985). The study protocol was approved by the institutional ethics committee on animal research. Mouse MSCs were isolated from the femurs and tibias after they were thoroughly cleaned to remove adherent soft and muscle tissue. Marrow cells were harvested by inserting syringe needles into femurs (23-gauge) and tibias (26-gauge) at the terminal end of the bone, and flushing with 30 ml α-minimum control medium (α-MEM; Gibco, Grand Island, NY, USA) containing 20% fetal bovine serum (FBS; Hyclone, Logan, UT), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen, Carlsbad, CA). Cells were then plated in one 75-cm2 flask per mouse, and incubated at 37 °C in a humidified atmosphere containing 95% air and 5% CO2 for 6 days. Culture medium was changed every 2 days. For further purification, harvested MSCs were filtered on a 70 μmmesh (Falcon; BD Bioscience) andMidiMACS® Separator kit (Miltenyi Biotec Inc., USA). Cells were then incubated with microbead-coated CD45 and CD11b antibodies. This suspension was briefly passed through MACS® LD columns in a magnetic chamber and seeded with CD45−CD11b− cells at a concentration of 5×104 cells/cm2 (first passage cells, P1) for the following experiments. All experiments used P2–P4 of MSCs.

Lentivirus constriction and transduction of MSCs
We recombined a lentivirus vector (pSIN, self inactivating) encoded with eGFP or PGIS (GenBank accession no. NM_000961). The virus was propagated in 293T cells by Lipofetamin™ 2000 (Invitrogen, Carlsbad, CA) transfection with two packaging vectors: pMD.G, a plasmid expressing the VSV-G envelope gene, and pCMVΔR8.91, containing the HIV-1 gag-pol, tat, and rev genes. Virus supernatants were collected at 48 and 60 h after transfection, and the eGFP and PGIS of lentivirus (VSV-G pseudotype) were purified using Vivapure LentiSELECT 40 (Sartorius Stedim Biotech,
Germany). Viral functional titers were identified by HIV p24 ELISA analysis (QuickTiter™ Lentivirus Quantitation kit, Cell Biolabs, Inc.). The viral X containing eGFP or PGIS were transduced to MSCs at different multiplicities of infection (MOI) with polybrene (8 μg/ml, Sigma-Aldrich) and subsequently centrifuged at 2000 rpm/2 h/25 °C. Transduction was performed either once or successively on different
days.

Fluorescence-activated cell sorting (FACS) analysis
Fluorescent isothiocyanate (FITC) or PE-conjugate monoclonal antibodies specific for the following antigens were employed with CD45, CD73, CD44, and Sca-1 (stem cell antigen) (eBioscience) to assess the surface phenotypes of MSCs or MSCPGIS. Appropriate isotype-matched controls (eBioscience) were included. For FACS analysis, cells were harvested and washed with FACS buffer (PBS+2% FBS+0.1% NaN3). About 2×105 cells were divided into aliquots in amber-tinted 1.5-ml centrifuge tubes and centrifuged (2000 rpm×5 min). Cell pellets were resuspended in 1 ml FACS buffer and stained with specific monoclonal antibodies for 30 min at 4 °C in the dark. Cells were then washed twice with FACS buffer and fixed in PBS containing 1% paraformaldehyde. The resulting 10,000–20,000 cell samples were analyzed by FACSCalibur and CellQuest Pro software (Becton Dickinson, San Joes, CA, USA) to determine the expression levels of cell surface markers.

Splenocyte isolation and proliferation assay
Splenocytes were isolated from female C57BL/6 mice as previously described (Djouad et al., 2003). A graded number of mitomycin C (Sigma-Aldrich)-treated MSCs or MSCPGIS (2×101, 2×102, 2×103, 2×104 cells/ml) were co-cultured with splenocytes (2×106 cells/ml) and stimulated by concanavalin-A (ConA; 5 μg/ml; Sigma-Aldrich) in flat-bottom 96-well plates (Corning, Lowell, MA, USA). Proliferation of splenocytes was measured after three days using a Cell Proliferation Kit (MTT analysis; Roche Diagnostics, Mannheim, Germany) following manufacturer's instructions.

Transwell cultures and protein array
Splenocytes (2×106 cells/ml) were stimulated with ConA (5 μg/ml) and cultivated in the lower chamber of a Transwell plate with a 0.4-μm pore size membrane (Millicell;Millipore Corporation).MSCs orMSCPGIS (2×104 cells/ml)were seeded on the Transwellmembrane of the inner chamber. After three days, splenocytes were collected for mRNA analysis and the supernatants were evaluated by protein array (Mouse Cytokine antibody Array 1, Ray Biotech, Inc).Membrane images were developed and then processed by ImageJ (v1.43 k) analysis software.

In vitro hypoxia/re-oxygenation, H2O2 treatment, and lactate dehydrogenase assay (LDH)
Cells were placed in a hypoxia chamber (Chen et al., 2008) in1%O2 for 8 h, and subsequently re-oxygenated for 16 h at 37 °C in a humidified atmosphere containing 95% air and 5% CO2. H2O2 (Sigma-Aldrich) samples were treated with different doses of MSCs and MSCPGIS groups and cytotoxicity in culturemedium was assessed spectrophotometrically using an LDH measurement kit (Roche Diagnostics, Mannheim, Germany) . The LDH release was standardized with the cell injury index defined at (A−B)/(C−B)×100,where A=LDH activity in the test sample, B=LDH activity measured in mediawithout any treatment, and C=LDH activity in samples from wells in which cells were lysed with Triton X-100 (100% control).

Measurement of 6-keto-prostaglandin F1α (6-keto-PGF1α)
For the in vitro experiments, cell culture media was collected and 6-keto-PGF1α (a stable hydrolyzed metabolite of PGI2) was determined using a enzyme immunoassay kit (Assay designs, Michigan) following the manufacturer's protocols.

Mouse myocardial infarction surgery and MSC transplantation
Myocardial infarction was induced in male C57BL/6 mice (8–10 weeks). The mice were anesthetized by pentobarbital sodium (70 mg/kg body weight, i.p.). Left anterior descending (LAD) coronary artery was ligated (MI) and endotracheally intubated following cardiac operative procedures as described before (Tarnavski et al., 2004). The sham operated group received all operation procedures except for LAD coronary artery ligation. Immediately after the operation 5×104 MSCs or MSCPGIS or an equal volume of saline (for MI group) was injected at 5 points near the infarction site using a 30-gauge needle (BD Biosciences). Two weeks after the MI, heart function analyses was performed by anesthetizing the mice with pentobarbital (40 mg/kg) and then taking measurements with ultrasound equipment (ATL Philips IE33 Ultrasound Machine system) using a 15-MHz probe. The left ventricular posterior wall thickness, inter-ventricular septum thickness, and left ventricular lumen diameter at both endsystolic and end-diastolic phases were measured digitally on the
M-mode tracings and averaged for three cardiac cycles. Fractional shortening and ejection faction were then calculated.

TdT-mediated dUTP-biotin nick labeling (TUNEL) assay
Mice were perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and hearts were dissected and fixed with 4% paraformaldehyde overnight at 4 °C, embedded in paraffin, and sectioned (5 μm). TUNEL assay was performed according to the manufacturer's protocol (Roche Diagnostics, Mannheim, Germany). Finally, the tissue sections were mounted with ProLong® Gold antifade reagent containing DAPI mounting medium (Invitrogen, Inc.).

Left ventricular catheterization and immunohistochemistry
Heart tissue sections (5 μm)were stainedwith hematoxylin and eosin and Masson's trichrome stain (Sigma-Aldrich) using standard protocols, and the infarct wall thickness and fibrosis were measured using image analysis system (Image-Pro Plus v6.0; MwdiaCybermetics, Inc).

Immunohistochemistry
Tissue slides were de-waxed and then treated with epitope retrieval buffer (Thermal scientific, Inc.) in 95 °C for 30 min. Then slides were quenched with 30% H2O2, blocked by Power Block™ (Biogenex, USA), and incubated for 10 min at room temperature. The sections were then incubated with rabbit anti-VEGF receptor 2 (Abcam, 1:100) or rabbit anti-vWF (Abcam, 1:800) in 30 min and washed for 5 times with PBST. Anti-rabbit antibody and HRP labeled polymer (Nichirei, Tokyo, Japan) were applied to slides with DAB detection buffer (Biogenex, USA). Slides were then washed 3 time with changes of PBST, followed by the cardiac muscle staining with anti-α-actinin (Sarcomeric) (Sigma-Aldrich, 1:800) and N-Histofine® Mousestain kit (Nichirei, Tokyo, Japan). ACE one step solution (Biogenex, USA) was used for chromogen detection. The nucleiwere stained with hematoxylin (J.T.Baker, USA) for microscopic studies and quantification.

RNA extraction and RT-PCR
Total RNA was extracted by Trizol reagent. The cDNA from 5 μg RNA was used for reverse transcription using a High-Capacity cDNA reverse transcription kit (ABI, Life Technologies) and quantitative PCR was done using a LightCycler480 (Roche Diagnostics, Mannheim, Germany) with PerfeCTa™ SYBR® Green FastMix™ (Quanta Biosciences, Inc.) detection reagent. Specific primers for TNF-α, IL-6, NFκB, TLR4, IL-10, IL-2, IFN-γ were used and GAPDH served as an internal control. The relative expression ratio of each gene was calibrated with GAPDH and compared to control group.

Western blotting
Heart tissue was gently homogenized in cold PBS containing protease inhibitors and centrifuged at 250×g/5 min at 4 °C. Tissue pellet was separated into cytoplasmic and nuclear parts using a ProteoJET™ protein extraction kit (Fermentas Life Sciences). Protein concentration was determined by Bio-Rad protein assay. Equal amounts of extracted proteins were separated by SDS-PAGE electrophoresis, transferred to Polyvinylidene fluoride membranes (PVDF; Millipore Corporation), and probed with primary antibodies; rabbit anti-Bcl-2 (1:2000; Cell Signaling, Beverly, MA), rabbit anti-Connexin 43 (1:8000; Abcam), mouse anti-cardiac troponin I (1:2000; Abcam), rabbit anti-HAX1 (1:500; Santa Cruz, California, USA) and mouse anti-GAPDH (1:3000; Millipore Corporation) as internal control.

Statistical analysis
Data are presented as mean±S.D. Two groups were compared using the Student's t test. Statistical analysis was performed with oneway ANOVA and Tukey test for multiple comparisons. The differences were considered significant at a value of P<0.05.

Results
Effect of lentivirus-prostaglandin I synthase (Lenti-PGIS) over-expression on MSCs

Preliminary experiments explored the possibility of efficiently transducing MSCs with lentiviral vectors. The MSCs were transfected to the LV-GFP 30 MOI in sub-confluence cells. Fluorescence microscopy confirmed that nearly 70% of the MSCs after post-transfection expressed GFP (Fig. 1A). A single transduction of MSCs using LV-PGIS at 30 MOI showed increased PGI2 secretion (measured as 6-keto-PGF1α) as compared with the control (0.04±0.01 vs. 0.80±0.03, pb0.01). A three-time transduction of LV-PGIS produced more PGIS expression in MSCs (Fig. 1B) than when transduction was performed once (Fig. 1C). The PGIS expression was dose dependent. Flowcytometry analysis was used to characterize the protein expression in both MSC and MSCPGIS. Both were positive for general markers including Sca-1, CD44, and CD73 (95.65% vs. 96.91%, 30.39% vs. 28.74, and 16.09% vs. 20.25, respectively) and negative for the bone marrow markers, CD45 (Chamberlain et al., 2007). Successive rounds of LV-PGIS transduction confirmed no change in MSCPGIS phenotypes (Fig. 1D).

Beneficial effects of Lenti-PGIS over-expression on MSCs during H2O2 and hypoxia/re-oxygenation stress

Firstly, we characterized the MSCPGIS under in vitro stress. Protective effects of PGIS on MSCs during hypoxia–reoxygenation (H/R) stress was evaluated by comparing the concentrations of PGI2 and LDH (necrosis factor) by ELISA in both the MSCs and MSCPGIS groups. PGI2 levels significantly increased, while LDH expression decreased in MSCs after the Lenti-PGIS supplement (Fig. 2A). H2O2 stress induced cell death in both the MSCs and MSCPGIS group was analyzed using LDH levels. PGIS exerted a protective effect against cell death in a dose dependent manner (Fig. 2C). As other researchers have demonstrated, cytokine production is primarily due to the paracrine effects of MSCs (Kang et al., 2008). Therefore, cytokines were evaluated in both the MSCs and MSCPGIS groups. The results show an increase in trophic cytokines including IL-6, NFκB, TLR4 and IL-10, while the detrimental inflammatory factor, TNF-α, was suppressed in the MSCPGIS group (Fig. 2B), which suggests beneficial effects from PGIS over-expression in MSCs. 

Suppression of mitogen induced splenocyte proliferation with MSCs or MSCPGIS co-culture

Mitogen (ConA) treatment induced splenocyte proliferation; however, whether PGIS can exert an anti-inflammatory effect on MSCs during such condition need to be determined. When splenocytes were co-incubated with MSC or MSCPGIS at a ratio of 1:2000, 1:200, and 1:20 respectively, (splenocytes: MSC or MSCPGIS), splenocyte proliferation was abrogated (pb0.05). This suppression was higher in the MSCPGIS group than the MSC group (pb0.01). Proinflammatory markers (IL-2, INF-γ, TNF-α and IL-6) were further analyzed in ConA stimulated splenocytes co-cultured with either MSC or MSCPGIS. Both groups showed a decrement in inflammation-related cytokines (Fig. 3B). To determine if MSCs or MSCPGIS induce their anti-inflammatory role through a paracrine effect, both the MSCs (or MSCPGIS) and splenocyte cells were separated and analyzed using the trans-well culture system and cytokine array. The expression of IFN-γ, GM-CSF, IL-2, IL-3, IL-4, IL-9, and IL-13 decreased in the MSCPGIS group while VEGF increased in both the MSC and MSCPGIS groups (Fig. 3C
and Table 1).

In vivo therapy with MSC or MSCPGIS inhibits left ventricular remodeling and apoptosis after cardiac ischemia

To investigate the role of PGIS on MSC therapy for acute myocardial infarction (AMI), cardiac function, pathology, and degree of apoptosis in a mouse AMI model post MSC treatment was compared with or without PGIS supplement. Cardiac histology
revealed that the left ventricular free wall thickness displayed no post AMI thinning in the MSCPGIS group (Fig. 4A and B). Minimal ventricular fibrosis (Fig. 4C and D) and cardiomyocytes apoptosis (Fig. 4E and F) was present, implying that remodeling was less severe in the MSCPGIS group. Echocardiography was done two weeks after
AMI to assess in vivo cardiac function in both groups. A higher left ventricle fractional shortening (FS) and ejection fraction (EF) with less dilated chamber was noted in the MSCPGIS group as compared to either the MSCs or AMI without treatment group (Table 2), implying that LV function was better preserved after AMI in the MSCPGIS group.

Graft differentiation analysis in ischemic myocardium at 14 days post MSC or MSCPGIS treatment

Lastly, mechanisms involved in PGIS treatment were investigated. Cardiac sections were collected and stained 14 days after AMI treatment. Cardiac vascular differentiation analyzed using vascular endothelial growth factor receptor 2 (Flk-1) and von Willebrand factor (vWF) indicated an increase in capillary density in the infarcted heart in the MSCPGIS treated group (Fig. 5A and B). Western blot analysis of cell survival markers (e.g. Bcl-2 and HAX-1) and cardiac specific markers (e.g. Cardiac troponin I and Connexin 43) in post-AMI treated heart tissue showed a higher expression of these markers in the MSCPGIS group than in the other three groups (Fig. 5C). These results suggest better angiogenesis and myocardial regeneration in the infarcted heart after PGIS therapy.

Discussion
MSCs can induce angiogenesis, differentiate into multiple cell types, and survive in infarcted heart tissue in close association with inflammatory cytokines without producing an immune response. These characteristics make MSCs an ideal candidate for cell-based cardiac therapy. A growing body of evidence suggests that the cardioprotective benefits conferredbyMSCs involve paracrine signaling. Therefore, to strengthen the paracrine effects, candidate genes were delivered to MSCs through lentivirus transduction (Song et al., 2010). Using lentivirus transduction of MSCs, we demonstrated that PGIS induced the production of PGI2 without altering the original characteristics of MSC. Additionally,we provided in vivo evidence thatMSCs with PGIS treatment can improve cardiac function post AMI by attenuating inflammation and enhancing cardiomyocytes proliferation. PGI2, a prostaglandin-derived product synthesized by the vascular endothelial and smooth muscle cells, is a potent vasodilator and anticoagulator that acts on vascular tissue and the platelets (Yang et al.,1994). PGI2 exerts its anti-apoptotic effects by binding to either the PGI2 receptor (IP) or the nuclear receptor PPARα. We demonstrated that MSCPGIS over-expressed PGI2 against H2O2 induced cytotoxicity and attenuated post-AMI cardiac cell apoptosis. However, since both IP and PPAR pathways are involved in anti-apoptotic and anti-inflammatory effects (Chen et al., 2009), further studies to elucidate the major receptor for the MSCPGIS signaling pathway are essential. We also examined the anti-inflammatory role of PGI2 via splenocyte proliferation assay. Our results showed that MSCPGIS attenuated ConA induced splenocyte proliferation in a co-culture system (Fig. 3A). However, when MSCs (or MSCPGIS) were separated from the splenocytes into a trans-well culture system, both groups showed similar cytokine secretion effects (Fig. 3B). This suggests that PGI2 suppresses splenocyte proliferation more than it inhibits cytokine secretion. Previous studies have also shown that PGI2 can suppress cytokine secretion in endothelial cells (Clarkin et al., 2008;Schildknecht et al., 2004) but not in splenocytes. In addition, prostacyclin production was found to be controlled by cyclooxygenase and not by prostacyclin synthase (Lee et al., 2007). Therefore, splenocytes transduced with a lentivirus containing COX-2 may produce more anti-cytokine secretion than PGIS transduction.
Our study demonstrates that PGIS preconditioning with MSC therapy can suppress infarction induced cardiac remodeling, cardiac fibrosis, and apoptosis, which is consistent with other reports (Wang et al., 2010; Tang et al., 2010). Additionally, our results showed that MSCPGIS treatment can enhance myocardial angiogenesis when blotted with the heart specific marker, cTnt and connexin43 (Fig. 5). This result agrees with the findings of other researchers (Pasha et al., 2008). Our cardiac hemodynamic data and histology suggested that MSCPGIS transplantation significantly improved heart function. This may be because MSCs are able to trans-differentiate in two ways. They can trans-differentiate into functional cardiomyocytes when, for example, treated with PGIS (Chen et al., 2008), and they can also trans-differentiate, under acute ischemic conditions, into endothelium-like cells that increase blood supply through endothelial angiogenesis (Fig. 5A). Our results are consistent with the results of other researchers who found that endothelial cell angiogenesis could be a major reason for cardiac regeneration. Cardiac remodeling which occurs after myocardial infarction involves inflammatory reactions and cytokine secretion that leads to myocardial fibrosis, ventricular wall thinning, and chamber dilation with decreased contraction (Freed et al., 2005). Our MSCPGIS treatment attenuated such remodeling by limiting cell apoptosis and fibrosis and by inhibiting inflammatory cytokines (IFN, IL-2, IL-8, IL-12, IL-18, and TNF) production. This effect likely occurs through the paracrine effects of PGI2 secretion (Gerber and Pober, 2008). In addition, MSCPGIS treatment can also exert an anti-apoptotic effect, with elevation of BCL-2 and a new class of anti-apoptotic protein, HAX-1, which has anti-apoptosis effects and regulates calcium (Zhao et al., 2009). Further studies to elucidate the interaction between HAX-1 and PGI2 are needed.

Conclusion
In summary, our results provide both in vitro and in vivo evidence for the beneficial role of PGISmodifiedMSC therapy in an AMImodel during the early stage of the disease. This beneficial effect is likely due to a decrease in apoptosis and inflammation. It also promotes early neo-vascularization. Recent studies show that MSC therapy for AMI has beneficial effects in stimulating angiogenesis and enhancing the paracrine effects, which is likely the most important aspects of the therapy. PGIS should be considered as one of the candidates for future molecular or genetic preconditioning in MSC cell based therapy.

Conflict of interest statement
The authors declare that they have no competing interests.

Acknowledgements
We thank Dr. Yi-Ling Lin for his generous gift of the lentivirus vector system. This work was supported by grants from the National Science Council (NSC 95-2314-B-303-028-MY3) and Tzu Chi General Hospital (TCRD99-49) to C.-F. Cheng, a grant from the National Taiwan University (Grant 97R0066-43) and the NSC 96-2628-B-002- 024-MY3 grant from the National Science Council to W.T.-K. Cheng.

References
Beeres SL, Bax JJ, Dibbets P, Stokkel MP, Zeppenfeld K, Fibbe WE, et al. Effect of
intramyocardial injection of autologous bone marrow-derived mononuclear cells
on perfusion, function, and viability in patients with drug-refractory chronic
ischemia. J Nucl Med 2006;47:574–80.
Chamberlain G, Fox J, Ashton B, Middleton J. Concise review: mesenchymal stem cells:
their phenotype, differentiation capacity, immunological features, and potential for
homing. Stem Cells 2007;25:2739–49.
Chen HH, Chen TW, Lin H. Prostacyclin-induced peroxisome proliferator-activated
receptor-alpha translocation attenuates NF-kappaB and TNF-alpha activation after
renal ischemia–reperfusion injury. Am J Physiol Ren Physiol 2009;297:F1109–18.
Chen M, Xie HQ, Deng L, Li XQ, Wang Y, Zhi W, et al. Stromal cell-derived factor-1
promotes bone marrow-derived cells differentiation to cardiomyocyte phenotypes
in vitro. Cell Prolif 2008;41:336–47.
Clarkin CE, Emery RJ, Pitsillides AA, Wheeler-Jones CP. Evaluation of VEGF-mediated
signaling in primary human cells reveals a paracrine action for VEGF in osteoblastmediated
crosstalk to endothelial cells. J Cell Physiol 2008;214:537–44.
Davani S, Marandin A, Mersin N, Royer B, Kantelip B, Hervé P, et al. Mesenchymal
progenitor cells differentiate into an endothelial phenotype, enhance vascular
density, and improve heart function in a rat cellular cardiomyoplasty model.
Circulation 2003;108(Suppl. 1):II253–8.
Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany J, et al. Immunosuppressive
effect of mesenchymal stem cells favors tumor growth in allogeneic animals. Blood
2003;102:3837–44.
Freed DH, Cunnington RH, Dangerfield AL, Sutton JS, Dixon IM. Emerging evidence for
the role of cardiotrophin-1 in cardiac repair in the infarcted heart. Cardiovasc Res
2005;65:782–92.
Fischer KM, Cottage CT, Wu W, Din S, Gude NA, Avitabile D, et al. Enhancement of
myocardial regeneration through genetic engineering of cardiac progenitor cells
expressing Pim-1 kinase. Circulation 2009;120:2077–87.
Gerber SA, Pober JS. IFN-alpha induces transcription of hypoxia-inducible factor-1alpha
to inhibit proliferation of human endothelial cells. J Immunol 2008;181:1052–62.
Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, et al. Paracrine action accounts for
marked protection of ischemic heart by Akt-modified mesenchymal stem cells. Nat
Med 2005;11:367–8.
Gnecchi M, He H, Noiseux N, Liang OD, Zhang L, Morello F, et al. Evidence supporting
paracrine hypothesis for Akt-modified mesenchymal stem cell-mediated cardiac
protection and functional improvement. FASEB J 2006;20:661–9.
Gnecchi M, He H, Melo LG, Noiseaux N, Morello F, de Boer RA, et al. Early beneficial
effects of bone marrow-derived mesenchymal stem cells overexpressing Akt on
cardiac metabolism after myocardial infarction. Stem Cells 2009;27:971–9.
Huang J, Zhang Z, Guo J, Ni A, Deb A, Zhang L, et al. Genetic modification of mesenchymal
stem cells overexpressing CCR1 increases cell viability, migration, engraftment,
and capillary density in the injured myocardium. Circ Res 2010;106:
1753–62.
Ishii M, Numaguchi Y, Okumura K, Kubota R, Ma X, Murakami R, et al. Mesenchymal
stem cell-based gene therapy with prostacyclin synthase enhanced neovascularization
in hindlimb ischemia. Atherosclerosis 2009;206:109–18.
Kang JW, Kang KS, Koo HC, Park JR, Choi EW, Park YH. Soluble factors-mediated
immunomodulatory effects of canine adipose tissue-derived mesenchymal stem
cells. Stem Cells Dev 2008;17:681–93.
Kawakami T, Kanazawa H, Satoh T, Ieda M, Ieda Y, Kimura K, et al. AAV-PGIS gene
transfer improves hypoxia-induced pulmonary hypertension in mice. Biochem
Biophys Res Commun 2007;363:656–61.
Laflamme MA, Murry CE. Regenerating the heart. Nat Biotechnol 2005;23:845–56.
Lee IY, Bae YD, Jeoung DI, Kang D, Park CH, Kim SH, et al. Prostacyclin production is not
controlled by prostacyclin synthase but by cyclooxygenase-2 in a human follicular
dendritic cell line, HK. Mol Immunol 2007;44:3168–72.
Lim SY, Kim YS, Ahn Y, Jeong MH, Hong MH, Joo SY, et al. The effects of mesenchymal
stem cells transduced with Akt in a porcine myocardial infarction model.
Cardiovasc Res 2006;70:530–42.
Mangi AA, Noiseux N, Kong D, He H, Rezvani M, Ingwall JS, et al. Mesenchymal stem
cells modified with Akt prevent remodeling and restore performance of infarcted
hearts. Nat Med 2003;9:1195–201.
Min JY, Sullivan MF, Yang Y, Zhang JP, Converso KL, Morgan JP, et al. Significant
improvement of heart function by cotransplantation of human mesenchymal stem
cells and fetal cardiomyocytes in postinfarcted pigs. Ann Thorac Surg 2002;74:
1568–75.
Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, et al. Bone marrow cells
regenerate infarcted myocardium. Nature 2001;410:701–5.
Padin-Iruegas ME, Misao Y, Davis ME, Segers VF, Esposito G, Tokunou T, et al. Cardiac
progenitor cells and biotinylated insulin-like growth factor-1 nanofibers improve
endogenous and exogenous myocardial regeneration after infarction. Circulation
2009;120:876–87.
Pasha Z, Wang Y, Sheikh R, Zhang D, Zhao T, Ashraf M. Preconditioning enhances cell
survival and differentiation of stem cells during transplantation in infarcted
myocardium. Cardiovasc Res 2008;77:134–42.
Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science
1997;276:71–4.
Schildknecht S, Bachschmid M, Baumann A, Ullrich V. COX-2 inhibitors selectively block
prostacyclin synthesis in endotoxin-exposed vascular smooth muscle cells. FASEB J
2004;18:757–9.
Shake JG, Gruber PJ, Baumgartner WA, Senechal G, Meyers J, Redmond JM, et al.
Mesenchymal stem cell implantation in a swine myocardial infarct model:
engraftment and functional effects. Ann Thorac Surg 2002;73:1919–25.
Song H, Song BW, Cha MJ, Choi IG, Hwang KC. Modification of mesenchymal stem cells
for cardiac regeneration. Expert Opin Biol Ther 2010;10:309–19.
Tang J, Wang J, Zheng F, Kong X, Guo L, Yang J, et al. Combination of chemokine and
angiogenic factor genes and mesenchymal stem cells could enhance angiogenesis
and improve cardiac function after acute myocardial infarction in rats. Mol Cell
Biochem 2010;339:107–18.
Tarnavski O, McMullen JR, Schinke M, Nie Q, Kong S, Izumo S. Mouse cardiac surgery:
comprehensive techniques for the generation of mouse models of human diseases
and their application for genomic studies. Physiol Genomics 2004;16:349–60.
Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human mesenchymal stem cells
differentiate to a cardiomyocyte phenotype in the adult murine heart. Circulation
2002;105:93–8.
Tomita S, Mickle DA, Weisel RD, Jia ZQ, Tumiati LC, Allidina Y, et al. Improved heart
function with myogenesis and angiogenesis after autologous porcine bone marrow
stromal cell transplantation. J Thorac Cardiovasc Surg 2002;123:1132–40.
Tse HF, Kwong YL, Chan JK, Lo G, Ho CL, Lau CP. Angiogenesis in ischemic myocardium
by intramyocardial autologous bone marrow mononuclear cell implantation.
Lancet 2003;361:47–9.
van Ramshorst J, Bax JJ, Beeres SL, Dibbets-Schneider P, Roes SD, Stokkel MP, et al.
Intramyocardial bone marrow cell injection for chronic myocardial ischemia: a
randomized controlled trial. JAMA 2009;301:1997–2004.
Wang Y, Zhang D, Ashraf M, Zhao T, Huang W, Ashraf A, et al. Combining neuropeptide
Y and mesenchymal stem cells reverses remodeling after myocardial infarction. Am
J Physiol Heart Circ Physiol 2010;298:H275–86.
Wollert KC, Drexler H. Clinical applications of stem cells for the heart. Circ Res 2005;96:
151–63.
Yang Z, Arnet U, Bauer E, von Segesser L, Siebenmann R, Turina M, et al. Thrombininduced
endothelium-dependent inhibition and direct activation of platelet-vessel
wall interaction. Role of prostacyclin, nitric oxide, and thromboxane A2. Circulation
1994;89:2266–72.
Yoon YS, Wecker A, Heyd L, Park JS, Tkebuchava T, Kusano K, et al. Clonally expanded
novel multipotent stem cells from human bone marrow regenerate myocardium
after myocardial infarction. J Clin Invest 2005;115:326–38.
Zhao W,Waggoner JR, Zhang ZG, Lam CK, Han P, Qian J, et al. The anti-apoptotic protein
HAX-1 is a regulator of cardiac function. Proc Natl Acad Sci USA 2009;106:20776–81.


Fig. 1. Effects of Lenti-PGIS over-expression on MSC. (A) The lenti-GFP over-expression on MSC after transduction for 3 days. (B and C) PGIS expression and 6-keto-PGF1alpha secretion with differential lentiviral MOI and transduction rounds were analyzed using western blotting (B) and ELISA (C). (D) Flow cytometry analysis demonstrated a similar surface marker expression between MSCs and MSCs with Lenti-PGIS transduction (MSCPGIS) (*Pb0.05, **Pb0.01 vs control).
Fig. 2. Beneficial effects of Lenti-PGIS over-expression on MSC under H2O2 and hypoxia/re-oxygenation stress. (A) Under hypoxia/re-oxygenation (H/R) stress, 6-keto-PGF1alpha production on MSCs and MSCPGIS were compared. (B) Pro-inflammatory markers induced by H/R stress were analyzed in MSC and MSCPGIS groups. (C) Cell death in MSC and MSCPGIS induced by H2O2 stress was analyzed by LDH levels.
Fig. 3. Suppression of mitogen induced splenocyte proliferation with MSC and MSCPGIS co-culture. (A) Addition of MSC or MSCPGIS showed suppression on ConA induced splenocyte proliferation (2×106). (B) Pro-inflammatory markers induced by ConA stimulated splenocytes co-cultured with MSC or MSCPGIS were analyzed and compared (*Pb0.05, **Pb0.01 vs. splenocyte group). (C) Cytokine expression was analyzed by trans-well culture medium and protein arrays for inflammation cytokines.
Fig. 4. MSC or MSCPGIS in vivo therapy inhibits left ventricular (LV) remodeling and apoptosis post acute myocardial ischemia. (A and B) H&E staining and (C and D) Masson trichrome staining on left ventricle (LV) show thicker infracted wall thickness and lesser fibrotic area in the MSCPGIS group than in the MI group or MSC only groups (n=5/group). (E and F) Myocardial apoptosis in the MSC only and MSCPGIS group by TUNEL kit analysis (*Pb0.05 vs. MSC group).
[bookmark: _GoBack]Fig. 5. Graft differentiation analysis in ischemic myocardium at 14 days post MSC or MSCPGIS therapy. (A and B) Cardiac vascular differentiation was analyzed by vascular endothelial growth factor receptor 2 (Flk-1) (A) and von Willebrand factor (vWF) (B) with quantification. Sections were counterstained with cardiac myocyte marker α-actinin, and numbers of capillary (arrows) per myocytes were calculated. (C) Cell survival markers (Bcl-2 and HAX-1) and cardiac specific marker cardiac troponin I (cTnI) and Connexin 43 were examined in post-therapy heart tissue using Western blotting.
