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Abstract
Rationale—Multiple biological mechanisms contribute to the efficacy of cardiac cell therapy.
Most prominent among these are direct heart muscle and blood vessel regeneration from
transplanted cells, as opposed to paracrine enhancement of tissue preservation and/or recruitment
of endogenous repair.
Objective—Human cardiac progenitor cells, cultured as cardiospheres (CSps) or as CSp-derived
cells (CDCs), have been shown to be capable of direct cardiac regeneration in vivo. Here we
characterized paracrine effects in CDC transplantation and investigated their relative importance
versus direct differentiation of surviving transplanted cells.
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Methods and Results—In vitro, many growth factors were found in media conditioned by
human adult CSps and CDCs; CDC-conditioned media exerted antiapoptotic effects on neonatal
rat ventricular myocytes, and proangiogenic effects on human umbilical vein endothelial cells. In
vivo, human CDCs secreted vascular endothelial growth factor, hepatocyte growth factor, and
insulin-like growth factor 1 when transplanted into the same SCID mouse model of acute
myocardial infarction where they were previously shown to improve function and to produce
tissue regeneration. Injection of CDCs in the peri-infarct zone increased the expression of Akt,
decreased apoptotic rate and caspase 3 level, and increased capillary density, indicating overall
higher tissue resilience. Based on the number of human-specific cells relative to overall increases
in capillary density and myocardial viability, direct differentiation quantitatively accounted for
20% to 50% of the observed effects.
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Conclusions—Together with their spontaneous commitment to cardiac and angiogenic
differentiation, transplanted CDCs serve as “role models,” recruiting endogenous regeneration and
improving tissue resistance to ischemic stress. The contribution of the role model effect rivals or
exceeds that of direct regeneration.
Keywords
paracrine hypothesis; cardiac stem cells; VEGF; HGF; IGF1
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Cardiac cell therapy represents a major new frontier in heart disease treatment,1-3 but the
basic biological mechanisms underlying the reported beneficial effects remain poorlycharacterized.4 - 6 Cardiac and vascular differentiation of transplanted cells is only one of
multiple pathways playing a role in the positive outcome of stem cell transplantation. An
alternative explanation is the so called “paracrine hypothesis,” which states that the release
of cytokines and growth factors (GFs) by transplanted cells has a positive “bystander” effect
on viability and recovery of the ischemic host tissue.7-11 In fact, many benefits of cardiac
cell therapy could be related, at least in part, to the ability of transplanted cells to secrete
signaling molecules, which may influence cardiomyocyte survival, neoangiogenesis and/or
possibly the recruitment of endogenous cardiac stem cells.12
The cardiac progenitor cell population used in the present study is isolated from explant
cultures of adult human endomyocardial biopsies using an intermediate cardiosphere (CSp)
step.13,14 CSps are self-assembling spherical clusters that grow in semisuspension culture on
poly-D-lysine, and that constitute a niche-like environment: undifferentiated cells proliferate
in the core, whereas cardiac-committed cells grow on the periphery in a gradient fashion.
CSp-derived cells (CDCs) can be expanded many fold as monolayers on fibronectin,
achieving cell numbers suitable for cell therapy. CDCs have been shown14 to improve left
ventricular ejection fraction (LVEF) in SCID beige mice 3 weeks after acute myocardial
infarction (MI), when compared to mice injected with vehicle or with adult normal human
dermal fibroblasts (NHDFs). The clonogenicity and multilineage potential of CDCs have
recently been confirmed, along with demonstration that the cells reflect neither
cardiomyocyte remnants nor blood-borne contaminants.15
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Our previous work on CDCs, and that of others,16,17 supports the notion that such cells can
directly regenerate myocardium and blood vessels.14 In the present study, we investigated
the hypothesis that paracrine mechanisms may also contribute to the beneficial effects of
human CDCs. In vitro screening of conditioned media (CM) focused our study on three
GFs, vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and
insulin-like growth factor (IGF)-1, that have been shown to play important roles after
MI,18-24 including reducing cell death, improving microcirculation and partially preventing
remodeling. The relevance of these factors has been recently investigated in multiple cardiac
cell therapy settings.7,9,25-30 We assessed whether CSps and CDCs release these GFs in
vitro and whether they mediate the favorable biological effects of CDC-conditioned media
(CDC-CM) on neonatal rat ventricular myocytes (NRVMs) and human umbilical vein
endothelial cells (HUVECs). We also investigated the release of GFs in vivo by CDCs in
infarcted SCID mice, and parameters such as the expression of survival markers, apoptotic
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rate and capillary density in heart tissue at different time points. Finally we quantified the
relative magnitudes of direct CDC differentiation and indirect paracrine effects. Our results
support the notion that paracrine/humoral mechanisms play a major role in the overall
beneficial effect of CDC treatment in the MI setting. This is the first report of quantification
of direct and paracrine effects exerted by a cardiac resident progenitor population on cardiac
tissue preservation and angiogenesis.

Methods
Cell Culture and Conditioned Media Collection
Human CSps and CDCs were obtained, as previously described,14 from percutaneous septal
endomyocardial biopsies from 21 different patients (Figure 1a), during clinically indicated
procedures after informed consent, in an institutional review board–approved protocol.
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Media were conditioned for 48 hours, and were either 2.5% FBS complete explant medium
(CEM), or glucose-free FBS-free basal medium (BM). See the expanded Methods section
(Online Data Supplement, available at http://circres.ahajournals.org) for detailed media
recipes, as well as for protocols on protein array, ELISA, luciferase-lentivirus creation and
transduction.
NRVM Culture and FACS Analysis
NRVMs were isolated as described.31 Plates were incubated in humidified 2% O2
atmosphere for 24 or 72 hours with CM or FBS-free BM (Figure 1b). Cells were then
collected by trypsinization, labeled with Annexin V-FITC and 7AAD (BD Biosciences), and
analyzed with a FACScan flow cytometer and CellQuest software (BD Biosciences).
Angiogenesis Assay
HUVECs were plated on precast, matrix-coated 96-well plates (BD Biosciences). They were
plated either with endothelial cell media (Lonza), as positive control, or with CM (Figure
1b), or with FBS-free BM, as the negative control. Cells were imaged after 18 hours to
reconstruct the complete image of every well (Online Figure I). The total tube length was
then measured with the ImageJ plug-in, NeuronJ (NIH) (http://rsb.info.nih.gov/ij).
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Mouse Myocardial Infarction Model
SCID beige mice (10 weeks old) were subjected to LAD ligation as previously described,14
and 1×105 CDCs or NHDFs were acutely injected into the infarct border zone. Regional
tissue samples were taken from infarct, border zone (BZ), right ventricle, and septum areas
for Western blot (WB) and RT-PCR analysis (Figure 1b). For sectioning, hearts were
arrested in diastole, fixed in formalin and paraffin embedded. At least 3 animals per group
were considered for each experimental setting. See the expanded Methods section (Online
Data Supplement) for details regarding tissue sectioning, immunofluorescence, protein and
RNA extraction, WB, and PCR.
LVEF was calculated with VisualSonics version 1.3.8 software from 2D long-axis views
taken through the infarcted area. Optical imaging was performed in the IVIS SPECTRUM
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(Xenogen) imaging chamber. See the expanded Methods section (Online Data Supplement)
for more details.
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Statistical Analysis
All results are presented as mean value±standard deviation, unless specified. Significance of
difference between any two groups was determined by two-sided Student t test. A final
value of P<0.05 was considered significant.

Results
Preliminary Protein Array Screening
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Serum-free CMs from CSps and CDCs were screened for secreted factors using a protein
array. We sought to identify factors that were present in both cell products but enhanced in
CSps, which have properties reminiscent of stem cell niches and potent regenerative
bioactivity.13,15 All 79 spots corresponding to various cytokines and growth factors gave a
positive signal, despite variability in signal intensities. Figure 2 shows two representative
blots from CSps and CDCs derived from the same patient sample, together with the
corresponding densitogram, showing the CSp/CDC optical density ratios for each factor.
Among the factors which showed several-fold enhancement in CSp-CM, we selected 3
candidates for further analysis, VEGF, HGF, and IGF1, based on the following criteria: (1)
identity as nonimmunomodulatory factors; (2) high CSp/CDC ratio, reporting the ability to
enhance secretion in 3D culture; and (3) well-known roles in cardiac pathophysiology, in
particular in MI and heart failure.7-9,18-30
CSps, CDCs, and Secondary Cardiospheres Release GFs In Vitro
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One goal was to compare the paracrine potencies of three potential cell delivery products:
CSps, CDCs, and secondary CSps that were rederived from passaged CDCs (IICSps).
Analysis of low-serum CM revealed that CSps, CDCs and IICSps secrete significant
amounts of GFs in culture (Figure 3a). During 48 hours of conditioning in low serum, CSps
released VEGF, HGF, and IGF1. By contrast, in the same culture conditions, CDCs and
IICSps released only VEGF in measurable amounts, although secretion by IICSps was at the
level measured in CSps. Different culture settings were examined (different serum
concentrations and multiple cell densities), but IGF1 secretion was never detected again
after the CSp stage (data not shown). Nevertheless, CDCs can release HGF in vitro under
certain conditions, as detected by ELISA in BM (Figure 3b). Immunofluorescent analysis of
CSps revealed ample VEGF, HGF, and IGF1 (Figure 3c and 3d). Reverse transcription PCR
on RNA isolated from CSps, CDCs and IICSps confirmed the expression of VEGF, HGF,
and IGF1 mRNAs at all stages (Figure 3e). No GFs were detected by ELISA in NHDF-CM
in any of the conditions tested, although we could detect the expression of the corresponding
mRNAs by PCR. NHDFs were also grown as spheres on poly-D-lysine, but we could detect
neither cell-associated GFs by immunofluorescence (data not shown) nor secreted GFs in
CM by ELISA (Figure 3a).
CSps and CDCs also express the receptors for VEGF, HGF, and IGF1 (respectively KDR,
Met, IGF1-R), as assessed by immunofluorescence and RT-PCR (Online Figure II).
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Effect of CDC-CM on NRVM Viability
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CDC- and NHDF-CM were collected in FBS-free BM and used to replace NRVM media.
After 24 or 72 hours in 2% hypoxia, the percentage of early apoptotic NRVMs was assessed
by AnnexinV/7AAD labeling. Whereas no differences were apparent at 24 hours, after 72
hours the percentage of early apoptotic NRVMs was dramatically lower in the CDC-CM
(Figure 4a) compared to the NHDF-CM (Figure 4b) and the control FBS-free BM (Figure 4c
and 4d). This effect was partially but significantly reduced when NRVMs were plated for 72
hours with CDC-CM that had been preincubated with both neutralizing anti-VEGF and HGF
antibodies (Figure 4e). The neutralization of both secreted GFs resulted in an excess 23%
early apoptotic NRVMs compared to plain CDC-CM. The neutralizing antibodies were not
degraded and were still detectable by WB in the media after 72 hours of culture (Online
Figure III).
Effect of CDC-CM on HUVEC Angiogenic Properties In Vitro
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CDC transplantation induces both cardiomyogenesis and angiogenesis.14 To investigate the
effects of CM on blood vessel formation, HUVECs were subjected to an in vitro
angiogenesis assay in endothelial cell media (Figure 4f), FBS-free BM (Figure 4g) or CM
(Figure 4h and 4i). The ability of HUVECs to form complex tube networks was lost in BM,
but in the presence of CDC-CM this ability was almost completely recovered (Figure 4h).
This effect was also dramatically greater than that seen with NHDF-CM (Figure 4i and 4j).
Preincubation with anti-VEGF or both anti-VEGF and anti-HGF neutralizing antibodies
caused a slight but significant reduction of the total tube length per well (Figure 4k).
CDCs Release GFs In Vivo
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We took advantage of human-specific sequences and epitopes (Online Figure IV) to detect
factors secreted by human cells transplanted into injured mouse hearts. SCID mice were
subjected to LAD ligation and injected with 105 CDCs or NHDFs. One day and 1 week after
cell delivery, VEGF, HGF, and IGF1 human mRNAs were detectable in the infarct area of
CDC- and NHDF-injected mice (Figure 5a). Despite that, we could detect human GFs by
WB with human-specific antibodies only in CDC-injected animals, although hGAPDH was
evident in the infarct and BZ of both CDC- and NHDF-injected animals (Figure 5b),
indicating survival of the cells for three weeks in CDC-injected and for at least 1 week in
NHDF-injected hearts. GFs were also detectable in remote areas, like the right ventricle and
septum, 1 day after cell delivery. After 3 weeks bands for hHGF and hIGF1 were faint, but
detectable, although hVEGF could no longer be found; nevertheless, CDCs had engrafted
and survived in the infarct and border zones, as evidenced by the detection of hGAPDH in
tissue lysates by WB (Figure 5b) and by immunodetection of human cells in tissue sections
(data not shown; also previously14).
The absence in the WB of a hGAPDH band in the BZ after 24 hours can be attributed, at
least in part, to the difficulty in distinguishing the infarct from the peri-infarct zone at such
an early time point.
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CDC-Injected Heart Tissue Displays Higher Tissue Viability and Capillary Density
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The 1 week time point was chosen as an optimal time to examine tissue viability and
capillary density. One week after cell delivery, GF levels remain high in the heart (Figure 5),
and a strong trend toward a higher LVEF is already noticeable in the CDC group compared
to the NHDF control (Figure 6a). Lysates from CDC-injected mice contained higher levels
of Akt protein compared to NHDF-injected animals, as shown by WB and relative
densitometric analysis (Figure 7a). Moreover, active Csp3 expression was reduced in CDCinjected hearts relative to controls. These results correlate with a reduced apoptotic rate
(Figure 7b) and higher capillary density in the border zone of CDC-injected mice (Figure
7c), compared to controls, as assessed by TUNEL and isolectin B4 staining, respectively.
Taken together, these data indicate that CDCs suppress postischemic apoptosis and improve
blood supply.
Engraftment Levels and Paracrine Contribution
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To begin to assess the relative roles of direct differentiation versus paracrine effects, we
measured bioluminescence in mice that had been injected with luciferase-labeled CDCs.
This method of detecting residual engraftment over time, although limited by factors such as
signal attenuation by chest wall tissue and possible gene silencing, offers at least a
qualitative sense of transplanted cell survival. Figure 6b shows that, after 1 week, the
luciferase signal has already dropped to approximately 30% of that on day 1, and by week 3,
cells are no longer detectable using this technique. Similarly low survival at 3 weeks has
been previously reported with injected CDCs.32,33 Despite this, the overall functional
improvement in the CDC-treated group persists 3 weeks post-MI (Figure 6a), confirming
previous findings.14 Taken at face value, the bioluminescence data suggest that surviving
CDCs are entirely irrelevant; however, the method is nonquantitative, because it is
susceptible to tissue attenuation and reporter gene silencing.34
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As a means of quantifying how much of the improvement is attributable to direct
regeneration versus indirect humoral effects, we calculated the relative contribution of
human CDCs to the capillary density in the tissue areas where CDCs were detectable after 1
week. Despite an overall doubling of capillary density in CDC-injected mice, only 9.6±2.7%
of the total capillaries were found to be of human origin (Figure 8a). This amounts to ≈20%
of the enhanced angiogenesis; thus, the angiogenic effect reflects both direct differentiation
and paracrine effects, but the latter predominates. We next examined the cardiomyogenic
effect of CDC transplantation. Consistent with our previous results at 3 weeks,14 at 1 week
the infarct area of CDC-injected mice contained a higher percentage of viable myocardium
(Online Figure V), as assessed by Masson’s trichrome staining. Within those viable areas,
11.8±4.5% of the myosin heavy chain (MHC)-expressing cells were of human origin (Figure
8b). This number, although significant, explains only half of the ≈20% increase in relative
tissue viability revealed by Masson’s trichrome staining, and only ≈25% of the overall
doubling in MHC+ nuclei (Figure 8b). Thus, both direct regeneration and paracrine effects
underlie the cardiomyogenic effects of CDC transplantation. No human capillaries or MHCpositive cells were detectable in the NHDF-injected hearts.
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If transplanted CDCs were acting to recruit endogenous repair, one might expect to observe
an enrichment of endogenous progenitor cells in the vicinity of surviving CDCs. We have
thus looked for colocalization of human CDCs with endogenous c-kit+ or nkx2.5+ cells. Foci
of nonhuman c-kit+ cells surrounding injected CDCs are clearly detectable 2 days after cell
delivery, with some persistence 1 week (Online Figure VI, a). Likewise, nkx2.5+ cells
accumulate in the infarct area of CDC-injected mice at 1 week after cell delivery, with the
proportion of nkx2.5+ nuclei being significantly higher than in NHDF-injected controls
(Online Figure VI, b). These data are consistent with the idea that transplantation of human
CDCs recruits endogenous regeneration as part of the salutary mechanism.

Discussion
Because the administration of human CDCs improves cardiac function in a SCID mouse MI
model,14 we investigated the release of relevant GFs (VEGF, HGF, and IGF1) by human
CSps and CDCs, and the potential contribution of paracrine mechanisms to the beneficial
and protective effects of CDC-CM in vitro and of CDC therapy in vivo.
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Preliminary screening of human CSp- and CDC-CM revealed that these populations are
capable of releasing many different cytokines and growth factors, and provides leading
information for future experiments (Figure 2). In the present study, though, we selected
VEGF, HGF, and IGF1 as our main candidates for more extensive functional studies.
CSps spontaneously release significant and higher amounts of VEGF, HGF, and IGF1 in
vitro than do CDCs, as assessed by ELISA. CDCs secrete only VEGF and HGF, although
they maintain the transcription of all their mRNAs (Figure 3). On the other hand, IICSps
were able to secrete VEGF at levels comparable to primary CSps, suggesting that at least for
this GF the 3D structure might be a key factor influencing its release, possibly because of
internal hypoxic stimulation.35 These results suggest that: (1) the primary CSp is the stage at
which paracrine abilities are maximal in vitro; (2) VEGF release is affected by the 3D
structure; and (3) HGF and IGF1 release fades with progressive time in culture.
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Interestingly, the absolute GF concentrations measured were approximately between 50 and
2000pg/mL, which correspond to the actual range of their circulating concentrations in
physiological up to pathological conditions.36-38 Furthermore, the expression of these GF
receptors in CSps and CDCs (Online Figure II) suggests a possible autocrine feedback
effect.
Although our results demonstrate that CSps are more potent in vitro, as far as VEGF, HGF,
and IGF1 secretion is concerned, the expansion of progenitor cells as CDCs has proven to be
closer to clinical translation (in the ongoing CADUCEUS trial; see http://clinicaltrials.gov
for details), because coronary delivery can be safely performed with CDCs.39 Therefore we
have tested the biological effects of CDC-CM and shown for the first time a direct
connection between the presence in the media of an active GF secreted by progenitor cells
and a functional benefit in vitro. CDC-CM reduces the percentage of early apoptotic
NRVMs in vitro (Figure 4a through 4e); this prosurvival effect is partially attributable to
secreted VEGF and HGF in a synergistic way, as shown by the reduction of NRVM viability
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after preincubation of the CDC-CM with both anti-VEGF and HGF neutralizing antibodies
(Figure 4e). CDC-CM also has proangiogenic effects. In fact CDC-CM recovered almost
completely the ability of HUVECs to form complex tube networks, which was lost in the
unconditioned BM (Figure 4f through 4k). Again, VEGF secreted by CDCs plays an
important role in the global effect, as demonstrated by the neutralizing antibody
experiments, which showed a significant reduction in the enhanced tube formation.
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We also tested whether CDCs can release GFs in vivo in the same murine MI model where
they have been previously shown to improve LV function 3 weeks after MI,14 a functional
benefit confirmed here (Figure 6a). When acutely injected intramyocardially in infarcted
SCID mice, CDCs release VEGF, HGF, and IGF1, detectable for at least 1 week after cell
delivery by RT-PCR and WB with human specific primers and antibodies (Figure 5).
Despite the fact that in both cell-treated groups human cells had engrafted, as shown by
hGAPDH expression, GFs secreted by transplanted cells were detectable only in CDCinjected animals, ie, in the only group shown to achieve a significant functional
improvement. The distribution of human GFs in remote areas (right ventricle, septum) 24
hours after cell injection might be attributable to diffusion via a relatively intact vascular
system at that time, which was no longer functional in the more mature infarct scar 1 week
after surgery, thus restraining human GFs around the CDC engraftment zone. Alternatively,
the early spread into neighboring areas may simply reflect a greater intensity of GF
production soon after injection, also resulting from the presence of many more cells.
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Cell survival, particularly in an unfavorable environment (such as ischemic cardiac tissue),
mostly depends on the ability of the cell to overcome death triggers and secondarily to
promote angiogenesis. In this respect, the in vitro antiapoptotic and proangiogenic effects of
CDC-CM correlate with the in vivo observation that, 1 week after cell delivery, Akt was
upregulated in tissue samples from CDC-injected animals. Contemporaneously, the active
form of the apoptotic effector Csp3 was less expressed in CDC- compared to NHDFinjected hearts (Figure 7a). Furthermore, the rate of TUNEL-positive cells was significantly
reduced in the border zone of CDC-injected mice, which also displayed higher capillary
density compared to controls (Figure 7b and 7c). Overall, our results imply that the injection
of CDCs in infarcted SCID mouse hearts favors higher tissue viability in the infarct and
peri-infarct areas, and consistently correlates with reduced apoptosis and improved blood
supply. This notion is coherent with previous histological data showing a higher percentage
of viable myocardium in the infarct area of CDC-injected, as compared to NHDF-injected
mice,14 confirmed at the 1 week time point in the present study (Online Figure V).
Human CDCs and/or their progeny persist for at least three weeks, as gauged by the robust
hGAPDH protein signal, whereas NHDFs disappear sometime between 1 and 3 weeks. It is
not yet clear whether the persistence of CDCs reflects their multilineage differentiation,14 a
survival advantage conferred by paracrine effects such as those described here, or a
combination of both mechanisms. Accordingly, we also attempted a quantitative evaluation
of the balance between direct and indirect beneficial effects in CDC therapy (Figure 8). The
quantification of human nuclear antigen (HNA)-positive capillaries in the border zone
indicates that, after one week, CDCs directly contribute to approximately 10% of the overall
capillary density in the areas of CDC engraftment. Even if this fraction is subtracted, there is
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still a statistically significant difference between the CDC and the NHDF groups, confirming
the major role of indirect paracrine induction by CDCs.
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To evaluate direct contributions to cardiomyogenesis in the areas of engraftment, we
quantified the fraction of HNA/MHC double-positive cells in the viable areas of
myocardium in the infarct of CDC-injected mice at 1 week (Figure 8b). Approximately 12%
of the MHC-positive cells were also HNA-positive, and this fraction was necessary to reach
statistical significance versus the NHDF group, therefore suggesting at least parity between
direct and indirect mechanisms.
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It is important to point out that paracrine effects might include two distinct phenomena: the
first is humoral stimulation of endogenous regeneration, and the second is preservation of
preexisting cells. Although we suspect that both are operative, our results do not enable us to
conclusively dissect the relative roles of recruitment versus enhanced tissue survival
attributable to the demonstrated antiapoptotic effects of CDCs. Direct injection of HGF and
IGF1 into the myocardium has been shown to successfully mobilize endogenous cardiac
stem cells40; given that CDC transplantation produces these same GFs, involvement of
endogenous stem cells is very likely to contribute to the functional improvement, as also
suggested by colocalization of injected CDCs with endogenous c-kit+ and nkx2.5+ cells
(Online Figure VI).
Given that long-term engraftment of transplanted cells is low and that the final benefit
reflects both direct and indirect effects, it seems reasonable to focus on enhancing
engraftment and paracrine potency, as prime strategies to boost the overall efficacy of cell
therapy.
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The potential use of cytokines and GFs as cardiac therapeutic tools has been carefully
investigated in the past few years, especially by means of gene therapy. Although interesting
results have been obtained in preclinical and early clinical studies on proangiogenic
treatments for heart failure and coronary disease, unfortunately these protocols involve risks
such as pathological angiogenesis, severe inflammatory reactions and arrhythmias.41,42 The
possibility of a GF release under biological and physiological control through stem cell
therapy might offer an ideal combination of strategies.43 In this respect, an attractive
constellation in therapeutic candidates is the dual ability of cardiac progenitor cells to
differentiate directly, but also to secrete beneficial molecules and harness tissue preservation
and/or endogenous repair. In vitro and in vivo results on cytoprotective effects on
cardiomyocytes and on enhanced neovascularization, similar to the ones presented here,
have been reported by mesenchymal stem cells, bone-marrow mononuclear cells and
endothelial progenitor cells (see elsewhere12 for a complete review). This, however, is the
first report assessing in detail the role and proportion of paracrine effects mediated by a
resident cardiac progenitor population.
In conclusion, CSps and CDCs secrete significant amounts of prosurvival and proangiogenic
GFs in vitro, and CDCs are able to secrete VEGF, HGF, and IGF1 in a murine cardiac cell
therapy model as well. This appears to be a key mechanism, together with their natural
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propensity for cardiac differentiation, contributing to their regenerative potential and
therapeutic effects in the postinfarction period.
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EXPANDED MATERIALS AND METHODS
Cell culture and conditioned media collection
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Human CSps and CDCs were obtained, as previously described1, from percutaneous septal
endomyocardial biopsies from 21 different patients, during clinically indicated procedures
after informed consent, in an institutional review board-approved protocol. CSps were
grown on poly-D-Lysine (BD Biosciences) coated plates in CSp growth medium (CGM):
35% IMDM and 65% DMEM/F-12 Mix, 3.5% FBS (Hyclone), 1% penicillin-streptomycin,
1% L-glutamine, 0.1mmol/L 2-mercaptoethanol, 1 unit/mL thrombin (Sigma), 1:50 B-27
(Invitrogen), 80ng/mL bFGF, 25ng/mL EGF and 4ng/mL cardiotrophin-1 (Peprotech).
CDCs and NHDFs were grown in 20% FBS complete explant medium (CEM): IMDM, 1%
penicillin-streptomycin, 1% L-glutamine, 0.1mM 2-mercaptoethanol. CDCs were cultured
on FN (Sigma) coated flasks. Cells were used for all experiments between the first and forth
harvest from the explant, and between passage 1 and passage 3 on FN. Secondary CSps
(IICSps) or NHDF-spheres were obtained by plating CDCs or NHDFs, respectively, in
CGM on poly-D-lysine coated multiwells (fig.1a) at a density of 1×104 cells/cm2. Media
were conditioned for 48 hours by CSps and IICSps after 4-5 days of culture on poly-DLysine, or by CDCs and NHDFs when they were approximately 90% confluent. Media for
conditioning were 2.5% FBS CEM, or glucose-free FBS-free basal medium (BM): Medium
199, 10mmol/L HEPES, 0.1mmol/L MEM non-essential amino acids, 2mmol/L Lglutamine, 0.8μg/mL vitamin B12, 2 unit/mL penicillin. CMs were stored at −80°C until
used. In some experiments CMs were pre-incubated on a shaker for 1 hour at room
temperature with anti-VEGF (R&D System) and/or anti-HGF (Abcam) neutralizing
antibodies, at the concentrations recommended by the manufacturer.
Protein arrays and ELISAs
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The protein array kit RayBio® Human Cytokine Antibody Array 5 was purchased from Ray
Biotech and performed according to the manufacturer’s instructions. See http://
www.raybiotech.com/map/human_5_map.pdf for the complete list of 79 factors. ELISAs for
human VEGF, HGF and IGF1 (hVEGF, hHGF, hIGF1; R&D Systems) were performed
according to the manufacturer’s instructions. Concentration values were normalized to the
protein content of the lysate of the conditioning cultures, as follows: (concentration of
factor) × (total volume of media) / (total protein content of the lysate of the conditioning
culture).
NRVM culture and FACS analysis
NRVMs were isolated as described2 and plated confluent on FN-coated multi-well plates in
10% FBS BM with 19.4mmol/L glucose. Cells were switched to 2% FBS two days after
plating. After 4-5 days cells were washed 3 times and media were replaced with CM or
FBS-free BM. Plates were incubated in humidified 2% O2 atmosphere for 24 or 72 hours
(fig.1b). Cells were then collected by trypsinization, incubated for 15 minutes at room
temperature with Annexin V-FITC and 7AAD (BD Biosciences), and analyzed with a
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FACScan flow cytometer and CellQuest software (BD Biosciences). Unlabeled cells were
used as a control. Each condition was tested in triplicate on CM from 3 different CDC lines.
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Angiogenesis assay
HUVECs were plated on pre-cast, matrix-coated 96-well plates (BD Biosciences), 2×104
cells per well. They were plated either with endothelial cell media (ECM; Lonza), as
positive control, or with CM (fig.1b), or with FBS-free BM, as the negative control. Cells
were imaged after 18 hours with the same settings of zoom, image size and resolution in all
experiments. Multiple pictures were taken to cover the entire surface of each well, and then
assembled to reconstruct the complete image of every well (Online fig.1). The total tube
length was then measured with the ImageJ plug-in, NeuronJ (NIH, http://rsb.info.nih.gov/ij).
Each condition was tested in quadruplicate on CM from 3 different CDC lines.
Lentivirus Creation and Cell Transduction
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Third generation lentivirus (Lv) was produced by calcium-phosphate co-precipitation
transfection of four Lv plasmids (pRRLsin18.cPPT.CMV.Luc.Wpre, pMDLg/p RRE,
pMD2.VSV.G, and pRSV-REV) into HEK 293T cells (ATCC) as previously described3.
Luc encodes for the firefly luciferase gene. The viral supernatant was collected 48 and 72
hours after transfection, filter sterilized using 0.2μm cellulose acetate filter units (Corning)
and concentrated by ultra-filtration (100,000 MWCO, Millipore). Transduction titer was
assigned on concentrated viral stock three days after transduction by assessing Luc
expression in HEK 293T cells transduced in the presence of 8μg/mL of polybrene (Sigma).
Transduction efficiencies of greater than 70% were achieved in human CDCs with an MOI
of 20 for 24 hours in the presence of 8μg/ml polybrene without impairing normal growth and
proliferation.
Mouse myocardial infarction model
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SCID beige mice (10 weeks old) were subjected to LAD ligation as previously described1,
and 1×105 CDCs or NHDFs were acutely injected into the infarct border zone. Animals
were sacrificed 1 day, 1 week or 3 weeks after cell delivery. Regional tissue samples,
ranging from 15 to 20 mg on average, were taken from infarct (INF), border zone (BZ), right
ventricle (RV) and septum (SEP) areas for WB and RT-PCR analysis (fig.1b). For
sectioning, hearts were arrested in diastole by washing them in hyperkalemic solution
(30mmol/L KCl, 154mmol/L NaCl), fixed in formalin and paraffin embedded. At least 3
animals per group were considered for each experimental setting.
LVEF was calculated with VisualSonics V1.3.8 software from 2D long-axis views taken
through the infarcted area.
Optical Imaging
Mice were given lentivirally-transduced CDCs containing the luciferase gene and then
subjected to optical imaging 1 day, 4 days, 1 week, 2 weeks, and 3 weeks post-MI. Mice
were anesthetized and injected intraperitoneally with D-luciferin (30mg/kg, GOLD
Biotechnology) dissolved in PBS and placed immediately into the IVIS® SPECTRUM
(Xenogen) imaging chamber. Images were acquired every 4 minutes with a 1 minute
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exposure time until the peak signal was obtained. For visualization purposes, the
luminescent image was overlaid on a photographic image. Peak radiance values (signal
intensity minus background and corrected for exposure time and angle) was recorded,
together with radiance within a region of interest over the anterior chest wall. Data were
obtained and analyzed using Living Image® software (Xenogen). The signal obtained on
day 1 was used to normalize the signal obtained on subsequent days.
Protein lysate preparation and western blotting
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Cell cultures were lysed in lysis buffer (20mmol/L TrisHCl, 5mmol/L EDTA, 50mmol/L
NaCl, 1% SDS) with proteinase inhibitors cocktail (Sigma), and homogenized by sonication.
Tissue samples were lysed in lysis buffer with proteinase inhibitors cocktail (Roche) and
homogenized with a rotor-stator homogenizer. Homogenates were spun at 12,000 rcf for 15
minutes at 4°C. Supernatants were then collected and stored at −80°C, after quantification
by Lowry assay of the protein content (BioRad). Lysates were loaded on 4-12% Bis-Tris
gels (Invitrogen), and WB on 50μg of protein per lane was performed with the Nupage minigels system (Invitrogen). Membranes were blocked in 5% non-fat milk (Biorad) or 5% BSA
in TBS 0.05% Tween (TBST; Sigma), and incubated overnight with primary antibodies:
hVEGF and pan-GAPDH (Abcam), hHGF and hIGF1 (R&D Systems), hGAPDH
(LabFrontier), Akt (Cell Signaling Technology), Caspase 3 (Csp3; Santa Cruz). Human
specificity was tested (Online fig.4a). Membranes were washed in TBST, incubated with
HRP-conjugated secondary antibodies (Pierce; Santa Cruz), and developed with ECL
(Amersham) or West-Femto substrate (Pierce). WB on media was performed with the
Nupage system, loading 30μl of media per lane; after blocking, membranes were incubated
with HRP-conjugated anti-mouse IgG antibody (Santa Cruz). Densitometric analysis was
performed with ImageJ software and plotted as ratios to the GAPDH signal.
RNA extraction and PCR
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RNA from cells and tissue samples was extracted with column-based kits (Qiagen). Reverse
transcription was performed on 1μg starting RNA (Stratagene) in a 20μl reaction, and 2μl of
cDNA product were then subjected to PCR (Invitrogen) with human specific or pan-specific
primers for 35 thermal cycles. See Online Table 1 for primer sequences and melting
temperatures. PCR products were sequenced to confirm species-specificity, when needed
(Online fig.4b).
Immunofluorescence, histology, capillary and TUNEL stainings
CSps and CDCs were fixed for 10 minutes with ethanol-acetone 50:50% at 4°C. Hearts were
cut in 8μm sections. After deparaffinization and rehydration of the tissue sections, slides
were washed and permeabilized with 0.1% Triton X-100 (Sigma) in PBS with 1% BSA,
then blocked in 10% goat serum and incubated overnight at 4°C in 1% goat serum with
primary antibodies: anti hVEGF and human nuclear antigen (HNA; Chemicon), hHGF,
hIGF1 and CD105 (R&D Systems), FN, KDR and c-kit (Abcam), Met and nkx2.5 (Santa
Cruz), IGF1-R (Upstate). Slides were then washed and incubated with Alexa Fluor 488 or
568-conjugated secondary antibodies (Invitrogen). Incubation with secondary antibodies
alone did not give any detectable background signal.
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For capillary staining, sections were incubated for 2 hours with FITC-conjugated Isolectin
B4 (Lab Frontier) and Alexa-568-Phalloidin (Invitrogen); a total of 26700 nuclei were
analyzed overall on multiple sections of the border zone, of which 3300 for the assessment
of CDC contribution. Co-incubation of isolectin B4 with 500mM galactose was used as a
negative control.
TUNEL staining was performed according to the manufacturer’s instructions (In situ Cell
Death Detection Kit, TMR red, Roche) and quantified on a total of 20500 nuclei in the
border zone.
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Confocal fluorescence imaging was performed on an Eclipse TE2000-U equipped with a
krypton/argon laser using UltraVIEW software (Perkin Elmer). For image analysis of
capillary and TUNEL slides, the ImageJ software was used for binary threshold of
fluorescent images for each channel and consequent particle count. Masson’s Trichrome
staining was performed and analyzed as previously described1. Briefly, staining was
performed according to the kit manufacturer instructions (Sigma). High resolution images
were acquired and processed with ImageJ software: color channels were split and the infarct
area was manually traced on the blue channel. Threshold adjustment and area measurement
functions allowed automatic calculation of the collagen-stained fraction within the defined
infarct region.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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BM

basal media

BZ

border zone

CDC

cardiosphere-derived cell

CM

conditioned media

CSp

cardiosphere

GF

growth factor

HGF

hepatocyte growth factor

HNA

human nuclear antigen
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HUVEC

human umbilical vein endothelial cell

IGF

insulin-like growth factor

IICSp

secondary cardiosphere

LVEF

left ventricular ejection fraction

MHC

myosin heavy chain

MI

myocardial infarction

NHDF

normal human dermal fibroblast

NRVM

neonatal rat ventricular myocyte

VEGF

vascular endothelial growth factor

WB

Western blot
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What Is Known?
•

Cardiac cell therapy for heart failure represents a major opportunity in
regenerative medicine, and multiple stem cell populations are currently being
evaluated as therapeutic tools, both in preclinical and clinical models.

•

Various lines of evidence indicate that direct differentiation of transplanted cells
in cardiac tissue is not the only mechanism underlying the observed beneficial
outcomes in animal models and early clinical trials.

•

CDCs are a resident progenitor population currently in clinical trials; they are
easily harvested from percutaneous endomyocardial biopsies, can directly
differentiate into multiple lineages when injected into the heart, and they are
effective in mouse and pig models of heart failure therapy.

What New Information Does This Article Contribute?
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•

Human cardiospheres and CDCs are able to secrete a wide variety of humoral
factors, and their conditioned media exerts prosurvival and angiogenic
biological effects on cell cultures of cardiomyocytes and endothelial cells.

•

In a mouse model of myocardial infarction, human CDCs release growth factors
in the tissue, reduce apoptosis, and increase both viability and perfusion in heart
tissue.

•

The direct contribution of injected CDCs to cardiac tissue represents
approximately 20% to 50% of the overall increase in capillary and
cardiomyocyte densities and tissue viability; accordingly, indirect effects on
tissue preservation and/or recruitment of endogenous regeneration significantly
contribute to the therapeutic outcome.
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We investigated the mechanisms underlying the functional benefit of transplanted
cardiosphere-derived cells (CDCs) in the injured heart. Our results show that CDCs have
a wide and potent paracrine potential, exerting antiapoptotic and proangiogenic effects in
vitro, while improving tissue viability and function in vivo. Quantification of the relative
contributions of direct versus indirect mechanisms revealed a major role for CDCmediated humoral effects on parenchymal preservation and endogenous repair. Although
direct differentiation occurs, it accounts for only 20% to 50% of the overall increases in
capillary and cardiomyocyte density. The findings stress the importance of early
paracrine effects in the mechanism of benefit, even with endogenous cardiac cells that
can unambiguously regenerate the heart directly.
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Figure 1. Experimental design

a, Culture protocol for CSps, CDCs, and IICSps isolation. b, Two sets of functional
experiments were based on CDCs: in vivo injection of 1×105 cells in a SCID mouse MI
model for regional tissue samples analysis, histology, and luciferase detection; and in vitro
assessment of CDC-CM effects on NRVM viability or HUVEC angiogenic abilities. CMs
were collected after 48 hours from CDCs (or NHDFs as control) and used to plate NRVMs
in 2% hypoxia or HUVECs on matrix-coated wells.

NIH-PA Author Manuscript
Circ Res. Author manuscript; available in PMC 2015 February 04.

Chimenti et al.

Page 20

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Figure 2. Cytokines and growth factors in vitro screening

Representative images of protein arrays on serum-free CM from CSps and CDCs, as well as
corresponding densitograms of the CSp/CDC levels ratios for each spot. *Three selected
factors of interest.
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Figure 3. VEGF, HGF, and IGF1 secretion levels in vitro

CSps secrete VEGF, HGF, and IGF1 in vitro in low serum media, whereas in the same
conditions, CDCs and IICSps only secrete VEGF (a). HGF release by CDCs is recovered in
serum-free BM (b). Confocal images of CSps stained for VEGF and HGF (c) and IGF1 and
fibronectin (FN) (d) allowed GF detection in their 3D structure. RT-PCR for GFs in CSps,
CDCs, IICSps, and NHDFs is shown in e. Scale bars=100 μm.
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Figure 4. Prosurvival and proangiogenic in vitro effects of CDC-CM

NRVMs were plated with CM in 2% hypoxia up to 72 hours. a through c, Representative
density plots of early apoptotic NRVMs cultured for 72 hours in CDC-CM (n=11), NHDFCM (n=11), or BM (n=7), respectively. Average percentages of 7AAD−/Annexin V+ (FL1H and FL3-H, respectively) are shown at the lower right of each graph. Data are
summarized in graph d (n=5 per group at 24 hours). e, Preincubation of CDC-CM with
VEGF and HGF neutralizing antibodies (n=19) significantly reduced viable NRVMs after
72 hours. f through i, Representative images of HUVECs 18 hours after plating on matrixcoated wells in endothelial cell media (f), serum-free BM (g), CMC-CM (h), and NHDFCM (i). j, Quantification of total tube length in the different media. Preincubation of CDC-
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CM with VEGF neutralizing antibody significantly reduced the positive effect (k).
*P<0.001, #P<0.05 vs CDC group. Scale bars=1 mm.
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Figure 5. Human GFs are detectable in infarcted CDC-injected hearts

NIH-PA Author Manuscript

Human mRNAs for VEGF, HGF, and IGF1 are detectable in the infarcted tissue from
murine hearts up to 3 weeks after LAD ligation and cell delivery, both in CDC- and NHDFinjected mice (a). For each time point, PCR products from 2 different animals are shown.
Human VEGF, HGF, and IGF1 proteins are detectable with human specific antibodies in
CDC-injected hearts at different time points, but not in NHDF-injected (b), although human
GAPDH detection confirms engraftment in both groups. Inj indicates injected; INF, infarct;
BZ, border zone; RV, right ventricle; SEP, septum.
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Figure 6. Functional and engraftment evaluation in vivo
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a, Comparison of LVEF in mice groups from the present study to 2 historical groups (hist)
from a previous study.14 Data are plotted as averages±SEM. #P<0.05 vs the corresponding
CDC group. NS: not statistically significant. b: Engraftment follow-up by in vivo
bioluminescence on luciferase-labeled CDC injected mice. Signal intensity is normalized to
that of day 1. Note that the representative images at 14 and 21 days have an expanded color
scale bar.
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Figure 7. Tissue viability and perfusion assessment at molecular and histological levels

a, WB for Akt and corresponding densitometric plots, normalized to GAPDH, showed that 1
week after surgery Akt expression was higher in infarct (INF) and BZ tissue from CDCinjected compared to NHDF-injected mice. Consistently, at the same time point, Csp3
protein levels were lower in CDC-injected hearts. b and c, Quantification of the TUNELpositive cell density (b) and capillary density (c) in the BZ of infarcted mice 1 week after
cell delivery. *P<0.001 and #P<0.05 vs control groups.
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Figure 8. Human contribution to capillaries and MHC-positive cells in engraftment areas

a, Double staining for isolectin-B4 and HNA allowed assessment of CDC contribution to the
overall capillary density in engrafted areas in the border zone. b, Double staining for MHC
and HNA allowed quantification of direct muscle regeneration in the viable tissue areas of
the infarct. *P<0.001 and #P<0.05 vs CDC group (in graph a refers to both overall counts
and nonhuman only counts). Scale bars=25 μm. Arrowheads indicate double-positive cells.
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