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Abstract

Rationale—Dual cell transplantation of cardiac progenitor cells (CPCs) and mesenchymal stem 

cells (MSCs) after infarction improves myocardial repair and performance in large animal models 

relative to delivery of either cell population.

Objective—To demonstrate that CardioChimeras (CCs) formed by fusion between CPCs and 

MSCs have enhanced reparative potential in a mouse model of myocardial infarction relative to 

individual stem cells or combined cell delivery.

Methods and Results—Two distinct and clonally derived CCs, CC1 and CC2 were utilized for 

this study. CCs improved left ventricular anterior wall thickness (AWT) at 4 weeks post injury, 

but only CC1 treatment preserved AWT at 18 weeks. Ejection fraction was enhanced at 6 weeks in 

CCs, and functional improvements were maintained in CCs and CPC + MSC groups at 18 weeks. 

Infarct size was decreased in CCs, whereas CPC + MSC and CPC parent groups remained 

unchanged at 12 weeks. CCs exhibited increased persistence, engraftment, and expression of early 

commitment markers within the border zone relative to combinatorial and individual cell 

population-injected groups. CCs increased capillary density and preserved cardiomyocyte size in 

the infarcted regions suggesting CCs role in protective paracrine secretion.

Conclusions—CCs merge the application of distinct cells into a single entity for cellular 

therapeutic intervention in the progression of heart failure. CCs are a novel cell therapy that 

improves upon combinatorial cell approaches to support myocardial regeneration.
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INTRODUCTION

Cell therapy for regeneration of the myocardium after myocardial infarction (MI) involves 

two concurrent processes: 1) stimulation of endogenous repair, and 2) exogenous cellular 

commitment. Regenerative medicine would benefit tremendously from identification of 

optimal stem cell population(s) that exert both direct and indirect mechanisms to mediate 

survival of existing cardiac myocytes, support proliferation and differentiation of 

endogenous stem cells, reduce inflammation and prevent scar formation. Coupling intrinsic 

mechanisms of myocardial repair with the propensity of stem cells to undergo 

cardiomyogenesis should be carefully balanced and integrated with the existing heart 

scaffold. Delivery of single stem cell types promote relatively modest functional and 

structural recovery of the heart owing to limited reparative capacity of donated cell 

populations derived from cardiac and bone marrow origin. Increasing cell numbers can 

enhance beneficial cellular properties, but excess reactive oxidative species and 

inflammation after acute damage contributes to elimination of more than 90% of delivered 

cells after one-week1. While the genetic engineering of stem cells prior to delivery remains a 

promising alternative to enhance persistence and regeneration2, 3, potential additional 

benefits of combinatorial cell therapy remains largely unexplored.

Resident c-kit+ cardiac progenitor cells (CPCs) are a desirable cell choice due to enhanced 

proliferative capacity and ability to form cardiac myocytes, vascular smooth muscle and 

endothelial cells ex vivo4. Endogenous c-kit+ cells have limited capacity towards 

cardiomyogenic commitment during development and after myocardial injury5. Despite 

limited regenerative capability, clinical application of CPCs confers improvements in 

myocardial structure and function as highlighted in the Cardiac Stem Cell Infusion in 

Patients With Ischemic CardiOmyopathy (SCIPIO) patient trial6. Bone marrow is the most 

popular source of adult-derived stem cells because of proven safety and efficacy after 

transplantation7. In particular, mesenchymal stem cells (MSCs) are commonly used for 

autologous and allogeneic clinical therapies8. MSCs are valued for paracrine-mediated 

effects such as reducing inflammation and promoting pro-survival and growth cascades to 

surrounding cells9. MSC injection after infarction promotes robust recruitment of c-kit+ 

CPCs, induces cardiomyocyte cycling and facilitates the outgrowth of stem cells from 

myocardial biopsies ex vivo10. Recently, combining these two distinct stem cells types, 

CPCs and MSCs, was investigated in a porcine model of myocardial damage11. Functional 

recovery and detection of human derived cells in the myocardium was improved over 

injection of single cells alone, indicating synergism of combining two cell types11. 

However, cellular mechanisms of myocardial recovery were not addressed and ratios of cell 

numbers were skewed towards increased MSC numbers confer protective effects in vivo11.

Cell fusion and creation of syncytia is an endogenous and homeostatic process coupled with 

differentiation and organ development12. Although fusion is low at basal levels, fusion 

increases in acute and chronic settings of inflammation, DNA damage and apoptotic events 

after bone marrow cell (BMC) transplantation13, 14. Artificial cell fusion between the same 

or different cells types to produce heterokaryons can be accomplished with addition of 

polyethylene glycol, electric pulses or viral fusogens15. In rare events, mononucleated 

hybrids (synkaryons) from bi-nucleated cell states occur, which is largely dependent on the 
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ability of one cell type to undergo DNA synthesis after fusion16. BMCs and MSCs have 

been observed to readily fuse to more mature cells, allowing successful transfer of 

mitochondria and phenotypic traits such as increased survival and proliferation17–19. 

Spontaneous in vivo cell fusion as a mechanism to support regenerative therapy have been 

underwhelming leading to the conclusion that cell fusion alone is not a major contributor to 

heart regeneration.

In this manuscript, we present the creation and characterization of CPC and MSC hybrids, 

referred to as CardioChimeras (CCs), generated by ex vivo viral cell fusion. CCs exhibit 

enhanced molecular and phenotypic traits relative to individual stem cells and these distinct 

hybrids were evaluated for in vivo therapeutic effects after myocardial damage in a mouse 

model. Recovery of anterior wall thickness (AWT) and ejection fraction (EF) were markedly 

improved, concomitant with increased engraftment and expression of early cardiomyogenic 

lineage markers in CC treated hearts. CardioChimeras represent a novel therapeutic that 

complements the paracrine effects of MSCs to orchestrate endogenous repair with direct cell 

contributions from CPCs in promotion of de novo cellular regeneration.

METHODS

Full materials and methods are available in the online data supplement.

Cell fusion and creation of CardioChimeras

Cell fusion was conducted using the GenomONE™ - CF EX Sendai virus 

(Hemagglutinating Virus of Japan or HVJ) Envelope Cell Fusion Kit (Cosmo Bio. USA). 

According to the manufacturer’s protocol, we subjected MSCs and CPCs to the plating 

method of cell fusion. Here, 100,000 MSCs expressing GFP in a 100mm dish were 

incubated in CPC media for 24 hours. Next day, 100,000 CPCs expressing mcherry were 

suspended in 20µL of cell fusion buffer and 10µL of Sendai virus and placed on ice for 5 

minutes for absorption of the virus on the cell membrane. Media from the MSC plate was 

removed and washed once with cell fusion buffer, and CPCs plus Sendai virus was added. 

The plate was then centrifuged (10 minutes, 1200rpm at 4°C) to force cell-to-cell contact. 

Cells were placed at 37°C for a total of 15 minutes to induce cell fusion. Non-fused CPCs 

were removed and media was added back to the plate. The next day, media was changed, 

and within 48 hours cells were trypsinized and subjected to FACS to place one-cell per well 

of a 96-micro plate to allow for clonal expansion of double fluorescence cell populations.

RESULTS

Phenotypic characterization of CardioChimeras

CardioChimeras (CCs) were created after fusion of fluorescently labeled CPCs (mcherry) 

and MSCs (eGFP) with an inactivated RNA Sendai virus (Figure 1A). After fusion, dual 

fluorescent hybrids were purified by fluorescent activated cell sorting and allowed to 

undergo clonal expansion (Figure 1A and Online Figure IIA). 18 mono-nucleated hybrids 

were successfully expanded one-month after initial sorting. Additional information 

concerning the analysis and selection criteria of the two CCs from the 18 clones is described 

in the online data supplement (Online Figure I and Online Table I). CC1 and CC2 were 
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chosen from the 18 clones due to enhanced proliferation relative to the majority of clones, 

optimal cell survival, and the ability to provide pro-growth and survival factors when co-

incubated with cardiac myocytes (Online Figure I, A–E and Online Table I). CC2 exhibits a 

proliferative rate similar to CPCs while CC1 shows modest proliferation, and all cells had 

increased proliferation over MSCs based on a fluorescent dependent cell proliferation assay 

and cell doubling time (Figure 1, B and C). CCs are not increasingly susceptible to cell 

death compared to parent cells (Figure 1D) and do not exhibit elevated expression of cell 

cycle arrest or senescence markers based on mRNA for p16 or p53 (Figure 1, E and F). CC1 

has increased cell size and is morphologically similar to MSCs (Figure 1, G, I and J). CC2 

displays a slight increase in cell size but is not significantly different from CPCs (Figure 1, 

G, H, and K).

Mononucleated CC1 and CC2 exhibit increased nuclear size and centromere intensity 

relative to parent cells after nuclear hybridization (Online Figure II, B–F). Collectively, CCs 

represent a novel stem cell population where increased DNA content does not negatively 

impact on survival or proliferation after induced cell fusion.

CardioChimeras exhibit increased basal level expression of cardiomyogenic commitment 
markers

MSCs and CC1 are low to negative for the stem/progenitor cells marker c-kit+, while CC2 

and CPCs maintain 20% and 50% c-kit positivity respectively (Online Figure IIIA). Gap 

junction marker connexin43 and platelet endothelial cell adhesion molecule (pecam or cd31) 

mRNA are modestly upregulated in CC2 at basal levels (Online Figure III, B and C). MSCs 

express high levels of endothelial and smooth muscle markers as indicated by cd31 and 

smooth muscle 22 (sm22) gene expression (Online Figure III, C and D)20. Although sm22 

was not upregulated in CCs, co-incubation of CPCs with MSCs at a 1:1 ratio increased 

mRNA expression of sm22 (Online Figure IIID). Interestingly, CC1 has increased mRNA 

for cardiac troponin T (cTNT or tnnt3) (Online Figure IIIE). Analysis of basal 

cardiomyogenic activity further confirmed the identification of CC1 and CC2 after cell 

fusion. CC1 has increased cardiogenic potential based on expression of cTNT, which 

corresponds to the lack of c-kit expression. CC2 retains low levels of c-kit expression but 

has increased expression of endothelial markers, a phenotype that has previously been 

reported to improve the regenerative capacity of CPCs2.

CardioChimeras promote cardiomyocyte growth after in vitro co-culture

In order to test the beneficial effects mediated by CCs and parental cells before in vivo cell 

transfer, neonatal rat cardiac myocytes (NRCMs) were co-incubated with stem cell groups 

(CPC, MSCs, CPC + MSC, CC1 and CC2) at a ratio of 1:10 in serum depleted conditions. 

NRCMs maintained in low serum conditions (0.5%) resulted in smaller cardiac myocytes 

relative to NRCMs maintained in high serum conditions (10%) (Figure 2, A, B and G). 

Addition of MSCs, CPC + MSC, CC1 or CC2 to low serum treated NRCMs significantly 

increased cardiomyocyte size within 24 hours (Figure 2, C–E and G), but CPCs could not 

induce significant growth of NRCMs (Figure 2, F and G). Slow twitch β-myosin heavy chain 

(mhy7) over fast twitch α-myosin heavy chain (mhy6) gene expression was not significantly 

elevated in cardiac myocytes after 24 hours co-incubation with stem cell groups but is 
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highly expressed in low serum conditions indicating that the addition of stem cells does not 

induce a maladaptive hypertrophic response in cardiac myocytes (Figure 2H). Regardless of 

the stem cell population added to cardiac myocytes, NRCMs were protected from cell death 

based on flow cytometric analysis of apoptotic and necrotic markers (Figure 2I). With the 

addition of CC1 and CC2, NRCMs had increased mRNA for stromal derived factor-1 

(sdf-1) (Figure 2J) a cardioprotective cytokine and homing ligand for C-X-C chemokine 

receptor type 4 (CXCR-4) positive stem cells21.

CardioChimeras have increased gene expression of commitment and paracrine markers 
after in vitro co-culture with cardiac myocytes

After co-culture with cardiac myocytes, sm22 was not significantly upregulated in CC 

groups (Figure 2K). However, CPC + MSC and CC2 displayed the largest induction of 

endothelial marker expression pecam, whereas CC2 induced cTNT gene expression after 7 

days of co-culture with NRCMs (Figure 2, L and M). Paracrine factors are routinely touted 

as a mechanism for cardioprotection22, therefore we analyzed our stem cells for expression 

of growth and immunomodulatory factors. Gene and protein expression for Interleukin-6 

(IL-6) is upregulated in CC2 after 24-hour incubation with serum starved NRCMs (Figure 2, 

N and O). Early release of immunomodulatory factors such as IL-6 after acute cardiac 

damage has been shown to have anti-apoptotic properties23. In summary, CC1 shows 

increased cellular size and expression of early cardiac commitment markers without 

impairment in cell proliferation. CC2 has similar morphological features to CPCs in addition 

to having a higher proliferative status relative to CC1. In fact, CC2 was most responsive to 

differentiation as evidenced by the up regulation of endothelial and cardiac markers in 

addition to increased expression of the immunomodulatory factor IL-6. This preliminary 

data further validates the in vivo application of these two distinct cell hybrids.

CardioChimeras improve left ventricular structure and cardiac function after myocardial 
injury

To establish the therapeutic efficacy of CCs relative to parent cells or parent cells combined, 

we injected a total of 100,000 cells in the border zone region of an acutely damaged mouse 

heart. At 1-week post injury (WPI), all groups had similar reductions in AWT and EF 

(Figure 3, A and D and Online Table II). CC1 and CC2 exhibited increased AWT at 4 WPI, 

but only CC1 treated hearts preserved AWT up to 18 WPI (Figure 3A). Heart weight to 

body weight ratios (HW/BW) at 12 and 18 weeks did not increase in CC treated hearts 

indicating that hypertrophy was not a contributing factor to increasing AWT (Figure 3, B 

and C). Rather, CC1 hearts had significantly reduced HW/BW relative to vehicle control 

(PBS) (Figure 3C). EF was increased in CC1 and CPC + MSC hearts starting at 3 WPI, and 

CC1 and CC2 had increased EF over PBS at 6 WPI (Figure 3D). CC and CPC + MSC-

treated groups exhibited improved EF starting at 12 WPI, whereas the CPC treatment was 

beneficial for cardiac function only at 18 WPI (Figure 3D). Heart rates and structural/

functional data are detailed in Online Table II. Correlating with improved EF, CC1 

treatment significantly improved positive developed pressure over time (dP/dT) (Figure 3E) 

and negative dP/dT (Figure 3F). CC1, CC2, CPC + MSC and CPC hearts had smaller infarct 

sizes relative to PBS (Figure 3G). MSC groups exhibited increased infarct size when 

measuring scar between 4 and 12 WPI, CPC and CPC + MSC hearts remain unchanged, and 
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CC1 and CC2 treatment reduced infarct size as represented by Masson’s Trichrome staining 

(Figure 3, G–N).

Cellular engraftment of CardioChimeras 4 weeks after damage

Scar size measured at 4 WPI was not significantly different among infarcted heart groups 

(Online Figure IV, A and B–E). Next, we were interested in determining cell persistence at 

this time point and were able to detect CPCs labeled with mcherry in CPC alone and CPC + 

MSC treated hearts (Online Figure IV, F and G). Interestingly, mcherry+ CPCs were 

detected near small c-kit+/cTNT+ cardiac myocytes in the infarct area (Online Figure IVH). 

CC1 detected by both GFP and mcherry expression did not display evidence of commitment 

at this early time point (Online Figure IV, I–K).

CardioChimeras have increased engraftment, expression of cardiomyogenic markers and 
support the increased presence of c-kit positive cells in the myocardium 12 weeks after 
damage

C-kit+ cell recruitment in damaged regions supports endogenous differentiation and 

myocardial repair22. Although infarction sizes were similar at the 4-week time point, 

induction of endogenous c-kit cells in the infarcted area was increased in MSC, CPC + 

MSC, and CC1 treated hearts (Figure 4, A–C). At 12 WPI, a high number of c-kit+ cells 

were observed in PBS and MSC treated hearts, yet c-kit+ cells remained visually present in 

CPC + MSC, CC1 and CC2 treated hearts surrounding mcherry+ cells in the border zone 

regions (Figure 4, D–G). The percentage of cell engraftment was increased in CC1 and CC2 

hearts at 1.9% and 1.1% respectively relative to 0.21% and 0.29% in CPC and CPC + MSC 

hearts (Figure 4, H and K–O). MSCs were detected at a much lower level or 0.04% of the 

total left ventricular free wall (Figure 4, H, I and J). CPCs discovered in the border zone 

areas co-expressed c-kit and mcherry in CPC hearts and expressed mcherry alone in CPC + 

MSC hearts (Figure 4, K and L). CC1 and CC2 had increased levels of engraftment, 

expressed cTNT and were surrounded by endogenous c-kit+ cells (Figure 4, M–O).

CardioChimeras increase capillary density in the infarct area

Capillary density was measured in the border zone and infarcted areas at 12 WPI. Shams, 

non-injured controls, are included as a standard for capillary density compared to injured 

hearts (Figure 5, A, B and C). Parent cells, individual or combined, or CC treatment did not 

significantly increase capillary density in the border zone regions relative to PBS (Figure 5, 

A and C–I). MSC, CPC or CPC + MSC treated hearts similarly did not affect the number of 

capillaries discovered in the infarct zone (Figure 5, B and J–M). Notably, CC1 and CC2 

treated hearts had significant increases in isolectin+ structures in the infarct regions at 12 

WPI (Figure 5, B and N–O).

CPC, MSC and CardioChimera treatment antagonizes cardiomyocyte hypertrophy in the 
remote region and preserves cardiomyocyte size in the infarcted regions

Cellular treatment and long term engraftment of cells is reported to induce compensatory 

hypertrophy in areas of damage preventing progression of heart failure after MI24. MSC and 

vehicle treated hearts showed increased cardiomyocyte size in the remote area relative to 
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sham (Figure 6, A and C–E). CPC + MSC, CC1 and CC2 treated hearts maintained 

cardiomyocyte size in the remote region similar to non-injured controls (Fig 6, A, C and G–

I). Although stem cell treatments could not modify border zone cardiomyocyte size (Online 

Figure V, A–G), injection of CPC, CPC + MSC, and both CCs increased cardiomyocyte size 

in the infarcted regions relative to PBS and MSC treated hearts up to 12 WPI (Figure 6, B 

and J–O). This data indicates that improved engraftment of stem cells correlates with the 

presence of microvascular structures and preservation of cardiomyocyte size in the remote 

and infarct regions relative to failing and severely damaged hearts.

DISCUSSION

The restorative impact of cell therapy to advance regenerative medicine remains to be fully 

realized and continues to be the focus of intense investigation. Increased knowledge of stem 

cell biology emerges from the use and application of a variety of adult stem cells. 

Unfortunately, ideal cellular properties are compromised by massive cellular death upon 

introduction into damaged myocardium1. In this report, we demonstrate a novel approach by 

using cell fusion to enhance delivery of novel and unique stem cell properties created within 

a single cell. Cardiac-derived CPCs and bone marrow derived MSCs were chosen for this 

study as both of these cell types have established roles in the heart: CPCs contribute to direct 

cardiomyogenic differentiation whereas MSCs provide for protective immunomodulatory 

and growth factor paracrine secretion4, 9. CCs injected into the acutely damaged heart 

improved structural integrity and reduced infarct size (Figure 3). Furthermore, functional 

improvements were observed in CC treated hearts, and increased engraftment was apparent 

in the border zones after 12 WPI (Figure 3 and 4). Specifically, CC1 significantly improved 

myocardial wall structure compared to control groups, and both CC1 and CC2 showed 

increased cellular engraftment in the border zone regions corresponding to a reduced infarct 

size and preservation of vascular structures in the neighboring infarct (Figure 3, 4 and 5). 

Notably, CCs improved EF earlier in the assessment (6 WPI) relative to combined and 

single cell injections (Figure 3). At 12 WPI, CC therapy promoted increases in cardiac 

function, induction of endogenous c-kit cells and maintenance of cardiomyocyte size that 

were comparable to mixed cell injections (Figure 3, 4 and 6). Initial improvements in 

cardiac function are most likely mediated by the combination of increased cell persistence 

and growth factor secretions conferred by CCs supporting long-term vascular stability and 

mitigation of adverse scar remodeling that is improved over combined therapy of CPCs and 

MSCs (Figure 3 and 5).

BMCs, the most common stem cell for cardiac therapy, apparently undergo engraftment 

through a combination of cell fusion and to a lesser degree by direct transdifferentiation 

events25. Membrane fusion is dependent upon signaling mechanisms involving paxillin 

induced focal adhesions and recycling of integrins as demonstrated between macrophages 

and myoblasts26. In the heart, cell fusion is increased between exogenous stem cells and 

apoptotic cardiac myocytes similar to enhanced myoblast fusion in the presence of 

phosphatidylserine presenting cells14, 27. Altered DNA content has been raised as an issue 

following fusion events as genomic instability leads to cellular aging28. Somatic cells 

exhibiting chromosomal mosaicism such as through the loss or deletions of chromosomes do 

not significantly affect stem cell properties or cell fate29. As a result, CCs do not appear 
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transformed but rather retain properties of CPCs and MSCs to support enhanced myocardial 

repair. To this effect, we were interested in correlating the in vitro properties of CC1 and 

CC2 to the observed effects in the myocardium. Although, both CC1 and CC2 were 

responsive to co-culture with cardiac myocytes (Figure 2), CC treated hearts showed only a 

modest up regulation of cTNT in vivo (Figure 4). CC1 in culture did not undergo significant 

cardiomyogenic commitment or secrete IL-6, yet CC1 hearts had stabilized AWT (Figure 3). 

We hypothesize that the larger cell body of CC1 contributed to higher rates of engraftment 

contributing to the improvement in myocardial structure without significant evidence of 

cardiogenic commitment (Figure 1 and 4). Prior to injection, CC2 exhibited a predominately 

CPC phenotype, and supported in vivo effects such as enhanced persistence and increased 

cardiac function similar to CC1 and CPC + MSC treated hearts. We propose that the high 

proliferative capacity of CC2 and expression of immunomodulatory factor IL-6 contributed 

to structural and functional benefits but through the contribution of distinct phenotypic 

characteristics from CC1 and CC2 respectively.

Increased basal expression of cardiomyogenic factors was observed in CCs (Online Figure 

III). Pre-committed cells, but not fully mature stem cell derived cardiac myocytes improve 

exogenous cell coupling and formation of gap junction proteins30. CCs display coordinated 

phenotypic properties of commitment and increased paracrine abilities to promote 

cardiomyocyte health much like the MSC parent and CPC + MSC parents combined (Figure 

2). Factor(s) that promote growth of cardiac myocytes and stabilization or the creation of 

microvasculature (Figure 5 and 6) remain to be established in our model of mouse CCs, but 

is certainly a subject of future investigations. Gene dosage effects as well as modifying the 

ratio of cell numbers before cell fusion leads to unique phenotypic properties such as 

proliferation and inhibition of senescence31–33. Embryonic stem cell (ESC) fusion with 

somatic cells facilitates reprogramming using equal cellular ratios indicating that ESCs are 

the more dominant cell type34. In this report, the CPC parent phenotype dominates in the 

fused progeny and most likely mediates early cardiomyogenic factors in CCs, whereas 

paracrine mediated effects from the MSC parent is secondary. For future studies, selecting 

the optimal cells and gene dosage for fusion will allow us to more effectively design hybrids 

for stronger traits towards commitment or paracrine effects.

Therapeutic delivery of MSCs improves cardiac function and structure mainly through 

paracrine mediated effects. Secretion of factors such as SDF-1 and IGF-1 support 

endogenous recruitment of c-kit+ progenitor cells and further facilitates cardiomyocyte cell 

cycle entry and survival35–37. Immunomodulatory functions of MSCs to inhibit excess scar 

formation is an attractive therapy for several disease states38. In this study, MSC treatment 

was unable to prevent increases in scar size or decreases in cardiac function up to 18 weeks 

similar to the deteriorating PBS treated hearts. Although, MSC addition did maintain size 

and survival of the responding cardiac myocytes, these beneficial effects were not 

recapitulated in vivo after MSC transfer (Figure 2 and 3). Apoptosis and slow proliferation 

rate are likely contributing factors to the disappearance of MSCs at later time points (Figure 

1 and 4). Instead, MSC and PBS treated hearts sustained increases in c-kit+ cells, which are 

most likely increased through chronic inflammation and recruitment of hematopoietic 

derived c-kit+ mast cells (Figure 4).
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The optimal cell number chosen for therapy is a critical aspect to promote structural and 

functional recovery after MI. Delivery of human CPC + MSC in a pig model of ischemia 

resulted in positive remodeling and engraftment using 200-fold more MSCs relative to 

CPCs11. For our study, we placed CPCs to MSCs at a one-to-one ratio as the appropriate 

control compared to our CCs. The engraftment efficiency of MSCs could have been greatly 

limited from the beginning of the experiment due to reduced MSC cell numbers (Figure 4). 

Benefits of co-culture of CPCs with MSCs are consistent with previous findings as MSC co-

incubation with CPCs at equal ratios increased basal differentiation markers such as sm22, 

which was not observed in CCs (Online Figure III). Furthermore, during co-culture with 

NRCMs, CPC + MSC groups exhibited increased cardiomyogenic markers sm22, pecam and 

cTNT (Figure 2). It remains unclear if differentiation resulted from CPCs alone in culture 

with MSCs, although significant cell death of MSCs alone was observed when co-cultured 

with NRCMs for seven days. The comparatively modest therapeutic benefit of unmodified 

CPCs has been previously shown from our laboratory2, 3. Clearly, pinpointing the 

mechanistic contribution of MSCs to support CPCs in our CPC + MSC treated hearts is an 

important unanswered question to be resolved in future investigations.

Although engraftment efficiency of CPCs co-injected with MSCs was not significantly 

improved relative to CPC hearts alone, function was improved in CPC + MSC hearts at a 

much earlier time point. We can hypothesize that MSCs in the acute stages of damage 

(<4weeks) facilitated protective endogenous cell reprogramming without long-term 

persistence, which was not sufficient to impact on exogenous CPC proliferation and/or 

engraftment, consistent with reports from other groups10.

From the numerous cell types touted to be efficacious for cardiac clinical therapy, CPCs and 

MSCs are particularly promising because of established protocols for cell isolation and 

expansion in clinical settings6, 8. Although MSCs show much lower rates of persistence in 

the damaged heart than CPCs, cell therapeutic practices could benefit from investigation of 

how to enhance immunomodulatory effects of MSCs9. Currently, “Off-the-shelf” allogeneic 

cellular options include cardiosphere derived cells and MSCs that may exert beneficial 

effects after MI but suffer from poor persistence following delivery8, 39. In comparison, 

ESCs and induced pluripotent stem cells exhibit extended proliferation and are less prone to 

immuno rejection and/or cell senescence after transplantation40. However, ESCs have 

reduced capacity for integrative cardiomyogenesis as demonstrated by arrhythmogenic 

events in large animal models41. Our cell fusion approach aims to capitalize on adult stem 

cells that have validated cardiac therapeutic effects in order to create an exceptional 

composite hybrid with anti-inflammatory functions arising from the inclusion of allogeneic 

MSCs. Transplanted MSCs have suggested immunomodulatory functions by regulation of 

immune cells in the damaged setting. Mechanistically, MSCs have the potential to balance 

the inhibition of T cell proliferation by secretion of indoleamine and promotion of dendritic 

cell differentiation into T regulatory cells by secretion of IL-6 and interleukin-10 making 

this cellular source an essential component of future cardiac stem cell hybrids42. 

Additionally, fusion of aged stem cells with more youthful cells could confer cell 

rejuvenation and reverse signs of cellular aging33, 43. In the era of human cord blood 

banking, the isolation of immunoprivileged stromal cells from the same patient can be easily 
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fused with stem cells harboring tissue specific regenerative capacity, resulting in a novel cell 

type that is resistant to rejection in addition to having desired cellular effects such as 

proliferation and direct tissue commitment. From a translational perspective, cell fusion is 

an adaptable genetic engineering strategy that qualitatively enhances adult stem cell 

properties such as persistence, anti-inflammatory and growth factor secretion and direct 

cardiomyogenesis to sustain long-term cardiac repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

2N diploid, euploid DNA content

4N tetraploid, aneuploid DNA content

ANOVA analysis of variance

AWT anterior wall thickness

BMC bone marrow cell

CC CardioChimera

CC1 CardioChimera 1

CC2 CardioChimera 2

CPC cardiac progenitor cell

CPC + MSC cardiac progenitor cells and mesenchymal stem cells

CSC cardiac stem cell

cTNT cardiac troponin T

DAPI 4',6-diamidino-2-phenylindole

dP/dT developed pressure over time

EF ejection fraction

eGFP enhanced green fluorescent protein
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FACS fluorescence activated cell sorting

HW/BW heart weight to body weight ratio

IL-6 interleukin-6

iPSC induced pluripotent stem cell

LAD left anterior descending artery

MI myocardial infarction

MSC mesenchymal stem cell

Myh6 myosin heavy chain α

Myh7 myosin heavy chain β

NRCM neonatal rat cardiomyocyte

PBS phosphate buffered saline, vehicle control group

PECAM (CD31) platelet endothelial cell adhesion molecule

PGK phosphoglycerate kinase

SDF-1 stromal derived factor-1

SM22 smooth muscle 22

TOPRO TO-PRO-3 iodide
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Novelty and Significance

What Is Known?

• Adult stem cell therapy leads to modest reparative effects due to low 

proliferation and survival of delivered cells in the damaged myocardium.

• Combined delivery of cardiac progenitor cells (CPCs) and bone marrow derived 

mesenchymal stem cells (MSCs) support enhanced cellular engraftment and 

reduction in scar size after acute myocardial infarction (MI).

What New Information Does this Article Contribute?

• Cell fusion to create cardiac stem cell hybrids or CardioChimeras between CPCs 

and MSCs combines optimal traits such as proliferation, survival, paracrine 

secretion and cardiomyogenic differentiation ability in a single cell type.

• Adoptive transfer of CardioChimeras after acute MI promotes long-term 

improvements in anterior wall thickness and cardiac function.

• CardioChimeras exhibit sustained engraftment concomitant with increased 

vascular stability and prevention of maladaptive cardiomyocyte hypertrophy.

Cardiac stem cell based therapy for the treatment of ischemic damage is popularized by 

the application of diverse cell types that exhibit distinct phenotypic traits. Specifically, 

delivery of CPCs or MSCs individually reveals contrasting but complementary in vivo 

functions such as through direct cardiomyogenic differentiation or paracrine growth 

factor secretion respectively. Dual cell delivery has emerged as a unique strategy to 

combine desirable functions of distinct cells to mitigate cardiac damage. In this study we 

are the first to utilize novel cardiac stem cell hybrids created by cell fusion between 

CPCs and MSCs, also known as CardioChimeras, to support and enhance combinatorial 

cell delivery approaches. By inheriting properties of CPCs and MSCs, CardioChimeras 

exhibit optimal properties such as cardiac commitment and enhanced paracrine secretion. 

CardioChimeras transplanted after MI improves myocardial structure and reduces infarct 

size. Importantly, CardioChimeras have increased engraftment in the left ventricle 

compared to groups treated with CPCs or MSCs individually and/or combined. 

Mechanistically, CardioChimeras promote an increase in capillary density and preserve 

cardiomyocyte size in the infarct area 12 weeks after damage. CardioChimeras represent 

an efficient fused product with beneficial and cardioprotective properties for effective 

cardiac repair.
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Figure 1. Phenotypic Characterization of CardioChimeras
(A) Schematic representation of the creation of CardioChimeras. (B) Proliferation of CCs, 

CPCs and MSCs represented as a fold change relative to day of plating. (C) Cell doubling 

time in hours. (D) Cell death assay of CCs and parents cells after treatment with 40µM or 

80µM hydrogen peroxide represented as a fold change relative to cells not treated with 

hydrogen peroxide. (E) p16 and (F) p53 gene expression normalized to ribosomal 18s and 

represented as a fold change relative to CPCs. (G) Cell surface area represented as a fold 

Quijada et al. Page 16

Circ Res. Author manuscript; available in PMC 2016 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



change normalized to CPCs (blue dashed line, 1.0). Fluorescent images of (H) CPCs, (I) 

MSCs, (J) CC1 or (K) CC2. * p<0.05, ** p<0.01, *** p<0.001. Scale bar is 40µm.
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Figure 2. CardioChimeras promote cell growth and have increased commitment and paracrine 
gene expression after in vitro co-culture with cardiac myocytes
(A) NRCMs in low serum. (B) NRCMS in high serum. (C) NRCMs in low serum and after 

the addition of MSCs, (D) CC1, (E) CC2 or (F) CPCs for 24 hours. Cardiac myocytes were 

visualized by staining with sarcomeric actinin. TO-PRO-3 iodide was used to visualize 

nuclei. (G) Quantitation of cardiomyocyte size. (H) Gene expression of mhy7 over mhy6 

represented as a fold change relative to high serum. (I) Cardiomyocyte cell death. Values are 

represented as fold change of Annexin V+ and Sytox Blue+ cells relative to high serum. (J) 
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sdf-1 gene expression in cardiac myocytes alone after the addition of stem cells. (K–M) 

Gene expression in stem cells after a 7-day co-culture with NRCMs. (K) sm22 (L) pecam 

gene expression. (M and N) il6 gene expression analyzed in stem cells after a 24-hour co-

culture with NRCMs. (O) IL-6 expression confirmed by ELISA.(G–J) Statistical values 

were determined by one-way ANOVA compared to low serum controls. * p<0.05, ** 

p<0.01, *** p<0.001. Scale bar is 40µm.
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Figure 3. CardioChimeras improve left ventricular wall structure and cardiac function after 
myocardial injury
(A) Longitudinal assessment of anterior wall thickness during systole (mm) over 18 weeks. 

(B) Heart weight to body weight ratio (mg/g) at 12 WPI (C) 18 WPI. Sample sizes of 3–5 

mice per group. (D) Longitudinal assessment of ejection fraction (%). (E) Positive and (F) 

Negative developed pressure over time represented as mmHg/sec at 4, 12 and 18 WPI. (G) 

Change in infarct size between 4 and 12 weeks time points. P values were determined by 

one-way ANOVA compared to PBS treated controls. (H–N) Masson’s Trichrome staining 

and representative images of infarct size and fibrosis in (H) Sham, (I) PBS, (J) MSC, (K) 
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CPC, (L) CPC + MSC, (M) CC1 and (N) CC2. Sample sizes are specified in the Online 

Table II. All statistical values were determined by two-way ANOVA compared to PBS 

treated hearts. * p<0.05, ** p<0.01, *** p<0.001. Colors of asterisk(s) correspond to heart 

group. Scale bar is 250µm.
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Figure 4. CardioChimeras have increased engraftment, expression of cardiomyogenic markers 
and support the increased presence of c-kit+ cells in the myocardium 12 weeks after damage
(A) Number of c-kit+ cells over the area of left ventricular free wall (mm2) in a 4-week 

damaged heart. Representative whole heart scans of (B) CPC + MSC and (C) CC2 treated 

hearts to visualize c-kit+ cells (red). Scale bar is 100µm. (B’) and (C’) C-kit+ cells are 

identified by yellow arrows. Scale bar is 50µm. (D) Number of c-kit+ cells in 12-week 

damaged heart.. Representative whole heart scans of (E) CPC + MSC, (F) CC1 and (G) CC2 

treated hearts to visualize exogenous mcherry+ cells (green) and c-kit+ cells (red). Scale bar 

is 100µm. (E’), (F’) and (G’) C-kit+ cells are identified by yellow arrows. Scale bar is 
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100µm. (H) Cell engraftment efficiency (%). (I) MSC detected by GFP fluorescence at 12 

weeks. (J) 2× zoom of a MSC in the border zone area. (K) C-kit+ /mcherry+ CPCs in the 

border zone area. (L) Mcherry+ CPC in CPC + MSC treated heart. (M) Mcherry+ CC1 

visualized in the infarcted area surrounded by c-kit+ cells (green). (M’) Overlay of cTNT 

(exogenous-cTNT, yellow) in CC1 mcherry labeled cells. (N) Mcherry+ CC2 visualized in 

the infarcted area surrounded by c-kit+ cells (green). (O) Mcherry+ CC2 (red) visualized in 

the infarcted area surrounded by c-kit+ cells (green). (O) Overlay of cTNT (exogenous-

cTNT, yellow) in CC2 mcherry labeled cells. Endogenous-cTNT (white) labels existing 

cardiac myocytes. Sample size of 3 mice per group. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 5. CardioChimeras increase capillary density in the infarct area
(A) Capillary density in the border zone and (B) Infarcted heart regions. Sample sizes are 3–

4 mice per group. Sham controls (dashed line) are represented as control for baseline density 

of isolectin+ structures per mm2. (C–I) Representative border zone images to visualize 

isolectin+ structures. (J–O) Representative infarct zone images to visualize and quantitate 

isolectin+ structures. Green= Isolectin B4, White=cardiac troponin T and Blue= DAPI to 

stain for nuclei. Scale bar is 25µm.* p<0.05, ** p<0.01, *** p<0.001.
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Figure 6. CPC, MSC and CardioChimera treatment antagonizes cardiomyocyte hypertrophy in 
the remote region and preserves cardiomyocyte size in the infarcted regions
(A) Mean cardiomyocyte size in the remote and (B) Infarct regions. Sample size is 3–4 mice 

per group. (C–I) Representative images of remote area cardiomyocyte size. (J–O) 

Representative images of infarct area cardiac myocytes. Red=Wheat germ agglutinin, 

White=cardiac troponin T and Blue=DAPI to stain for nuclei. Scale bar is 25µm.* p<0.05, 

** p<0.01, *** p<0.001.
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