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Abstract

Rationale—Culture expanded cells originating from cardiac tissue that express the cell surface
receptor cKit are undergoing clinical testing as a cell source for heart failure and congenital heart
disease. While accumulating data support that mesenchymal stem cells (MSCs) enhance the
efficacy of cardiac cKit" cells (CSCs), the underlying mechanism for this synergistic effect remain
incompletely understood.

Objective—To test the hypothesis that MSCs stimulate endogenous CSCs to proliferate, migrate,
and differentiate via the SDF1/CXCR4 and SCF/cKit pathways.

Methods and Results—Using genetic lineage-tracing approaches we show that in the postnatal
murine heart, cKit* cells proliferate, migrate, and form cardiomyocytes, but not endothelial cells.
CSCs exhibit marked chemotactic and proliferative responses when co-cultured with MSCs but
not cardiac stromal cells. Antagonism of the CXCR4 pathway with AMD3100 inhibited MSC-
induced CSC chemotaxis but stimulated CSC cardiomyogenesis (p<0.0001). Furthermore, MSCs
enhanced CSC proliferation via the SCF/cKit and SDF1/CXCR4 pathways (p<0.0001).

Conclusions—Together these findings show that MSCs exhibit profound, yet differential,
effects upon CSC migration, proliferation and differentiation, and suggest a mechanism underlying
the improved cardiac regeneration associated with combination therapy using CSCs and MSCs.
These findings have important therapeutic implications for cell-based therapy strategies that
employ mixtures of CSCs and MSCs.
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INTRODUCTION

The optimal source of cells for tissue regeneration of the human heart remains
controversial®: 2. The capacity of the cardiac cKit* cell to form cardiomyocytes in several
murine models has recently intensified this controversy by suggesting a relatively low
contribution of this cell type to endogenous cardiomyogenesis3-. Several findings suggest
that the cardiomyogenic capacity of this cell may be endogenously suppressed on the one
hand and may be augmented in a therapeutic situation on the other® 79, In particular, an
increasing number of experimental”: 8. 10 11 and clinical studies (NCT02501811) support the
idea that therapeutic responses may be substantially augmented by the interaction of two cell
types — MSCs and cardiac-derived CSCs.

Here we hypothesized that MSCs employ the SDF1/CXCR4 and SCF/ckit signaling
pathways to regulate the proliferation, migration, and differentiation of endogenous CSCs.
Using a previously described cK7t“®ERT2/# knock-in allele* 12, we show that cKitmarks
postnatal CSCs in the mammalian heart from which a relatively small number of
cardiomyocytes are generated after birth. The degree to which the postnatal heart activates
endogenous CSCsmay be significantly enhanced via cell-cell interactions with MSCs. These
interactions are co-operatively regulated via the SDF1/CXCR4 and SCF/cKit signaling
pathways [Online. Fig. I]. Thus, MSC-CSC interactions offer a novel therapeutic target for
enhancing cardiomyogenesis from endogenous CSCs in the postnatal heart.

METHODS

An expanded Methods section describing all procedures and protocols is available in the
Online Data Supplement.

This study was reviewed and approved by the University of Miami Institutional Animal Care
and Use Committee and complies with all Federal and State guidelines concerning the use of
animals in research and teaching as defined by The Guide for the Care and use of Laboratory
Animals (National Institutes of Health, revised 2011).

The cKifC®ERTZ/* and JRG mice have been described elsewhere?. iPSCA were generated
from adult cKit¢"®ER7Z/IRG tail-tip fibroblasts as previously described*. Genotyping, TAM
injections, gene-expression analysis, lineage-tracing and histological analysis were
performed as previously described?. Manufacturing of human and porcine MSCs and CSCs
was performed as previously described’-: 13,
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RESULTS

MSCs stimulate chemotaxis in postnatal CSCs

To characterize the properties of postnatal CSCs, we pulsed postnatal day 2 (PN2)
cKitCreERTZ  |RG neonates with a single subcutaneous injection of tamoxifen (n=9) and
collected their hearts 24h later in order to analyze EGFP expression in culture [Fig. 1A].
Live tissue imaging and confocal immunofluorescence showed that EGFP marked a non-
contractile, cardiac troponin T-negative, proliferative cell type [Online Video I, Fig. 1B-I].
Importantly, EGFP* CSCs were consistently present within the myocardial explants and did
not migrate along with other explant-derived cells [Figure 1D-H and Online Fig. 11-111].

MSCs comprise a heterogeneous cell mixture of neural crest- and non-neural crest-derived
cells® 15 that exert stimulatory effects on CSCs’: 9 10. 16,17 Tg address if MSCs stimulate
cKit* cell migration, myocardial explants from the same PN3 cKit“"®ER72RG tamoxifen-
pulsed hearts were plated either with mitotically-arrested MSCs or on gelatin (control), and
cell migration assessed using EGFP epifluorescence [Fig. 2A]. Co-culture with MSCs (n=6
neonates) promoted the outgrowth of both EGFP* and DSRED™ cells from myocardial
explants [Fig. 2B-C]

Flow cytometric analysis indicated that 60.9%+8.2% of cardiac explant-derived cKit* cells
were marked by EGFP [Fig. 2D-H]. Unlike splenic EGFP™ cells, which homogenously
expressed CD45" and/or CD68™ and exhibited a blast-like phenotype [Fig. 2E, 1], the cardiac
EGFP* cardiac explant-derived cells did not express CD45 or CD68 and had a spindle-like
morphology [Fig. 2G, J], indicating that the EGFP* cardiac explant-derived cells have a
distinct non-hematopoietic lineage. Co-expression of Nkx2.5 corroborated the CSC lineage
of EGFP* cardiac explant-derived cells [Fig. 3]. Notably, the spindle-like, Nkx2.5% in-vitro
phenotype of postnatal CSCs closely matches the phenotype of the primordial neural crest-
derived cKit* cardiac stem cells that we recently described®. Collectively, these findings
support that the EGFP* cells in the postnatal heart are CSCs. Their migratory capacity is
limited in chemotactic responsiveness to the postnatal cardiac stroma but is substantially
augmented by MSCs.

Dichotomous effects of the SDF1/CXCR4 pathway on CSC migration and differentiation

SDF1/CXCRA4 signaling participates in the mobilization of CSCs in the heart!8-23 and plays
an important role in cardiac neural crest cell migration24. It has also been suggested that the
therapeutic effect of MSCs is partly attributed to their rich SDF1a secretionl8 25, We
therefore tested the hypothesis that the SDF1/CXCR4 pathway underlies the migratory and
differentiation effects of MSCs on CSCs.

We first explored whether the SDF1/CXCR4 signaling pathway is normally active in CSCs,
during cardiomyogenesis. Accordingly, we utilized a previously described /n-vitro model of
mouse cardiogenesis?, whereby embryoid bodies (EBs) from induced pluripotent stem cells
carrying the cKifC®ERTZ/* - IRG alleles (iPSCA™) are directed to undergo stage-specific
differentiation into CSCs via transient BMP antagonism [Online Fig. IV A]. Similar to
postnatal CSCs, iPSCA™-derived CSCs were migratory EGFP*/Nkx2.5* cells and were
exclusively detected as cells outgrowing from — but not within — the EBs [Online Fig. IV B-
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D, Online Video 11]. Differentiation of iPSCs to CSCs* resulted in stage-specific induction
of SDF1a and CXCR4 gene expression [Online Fig. IV E-F], suggesting that activation of
the SDF1/CXCR4 signaling pathway plays an important role in the development of
cardiomyogenic CSCs.

Next, we tested the role of SDF1/CXCR4 in postnatal CSCs. Myocardial explant culture
assays (n=2) were generated as described above, in order to analyze the emergence of
EGFP* cells in the presence or absence of AMD3100, an inhibitor of the SDF1/CXCR4
axis!® 26 [Fig. 5A]. Consistent with previous findings8, exposure to AMD3100 did not
block outgrowth of DSRED™ cells, but prevented EGFP* CSCs from migrating from the
cultured explants in the presence of MSCs, strongly suggesting that the chemotactic effect of
MSCs on CSCs is regulated via the SDF1/CXCR4 signaling pathway [Fig. 5B-D].
Moreover, exposure to AMD3100 resulted in a ~29-fold increase in the rate of CSCs
differentiation into spontaneously contracting cardiomyocytes [from 0.57%0.57% to
16.41+4.03% EGFP™* beating cells, p=0.0001; Fig. 5B, Online Video II1].

MSCs promote expansion of CSCs via the SCF/cKit signaling pathway

We investigated whether the increased abundance of EGFP* cells reflects increased
mobilization due to the chemotactic responsiveness of CSCs to MSCs, or to an increase in
CSC proliferation. Tamoxifen-pulsed PN3 cKif“"®ER72:RG myocardial explant culture
assays (n=6) were performed as described above with or without MSCs, and the growth of
EGFP* CSCs was continuously quantified using live-tissue epifluorescence imaging every
other day for 5 days [Fig. 6A]. Although EGFP-negative cells grew out from myocardial
explants, reaching >50% confluency within 5 days of culture, growth of EGFP* CSCs was
less robust, although their number increased significantly over time [Fig. 6B]. Intriguingly,
in the absence of MSCs, EGFP* cell expansion occurred primarily within the explanted
tissue, whereas in the presence of MSCs, CSCs proliferated within the explant but also
migrated out and expanded freely from the myocardial explants within the MSC feeder
layers [Figs. 2, 5]. However, the abundance of CSCs was not significantly affected by the
presence of MSCs compared to controls [Fig. 6B].

We previously showed that the combination of MSC feeders and exogenous Stem Cell
Factor (SCF), the ligand of cKit, significantly improves the ex-vivo propagation of CSCs®.
Consequently, we investigated whether the SCF/cKit signaling pathway is important for
CSC migration and proliferation. Accordingly, tamoxifen-pulsed PN3 cKifceERTZ-|RG
myocardial explant culture assays were carried out as described above with or without MSCs
(n=6), and the growth of EGFP™* cells was quantified using live-tissue epifluorescence
imaging in the presence or absence of recombinant murine SCF [Fig. 6A]. Surprisingly, the
presence of both MSCs and exogenous SCF produced a 3.5-fold increase in the abundance
of EGFP* cells compared to MSCs alone [Fig. 6B-D] (v=0.001). The effects of SCF and
MSCs on the abundance of EGFP* cells were abrogated when we neutralized SCF/cKit
signaling with an anti-murine cKit antibody [Fig. 6E]. Similarly, EGFP* cell abundance was
significantly reduced (p<0.0001) in the presence of the SDF1/CXCR4 pathway inhibitor,
AMD3100 [Fig. 6E-G]. Interestingly, modulation of the SCF/cK:it signaling pathway, either
through its exogenous activation with recombinant murine SCF or its neutralization with an
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anti-murine cKit antibody, did not significantly alter EGFP* cell migration and
differentiation [Figure 6E, H].

A proportion of myocardium is generated after birth by neonatal cKit* cells

We next tested whether postnatal CSCs generate new cardiomyocytes in-vive?’-29,
CKItCTERTZ/ - IRG neonates (n=6) were pulsed with tamoxifen on PN3 and PN4, and genetic
fate-mapping analysis was performed at PN7 [Fig. 7A]. Expression of EGFP was
conditional on the expression of both the cKit"®ERT2/* and IRG alleles and did not occur
without tamoxifen induction [Fig. 7B].

At PN7, EGFP epifluorescence was detected in all expected cKit-expressing tissues,
including blood, skin, testes, intestine, lungs* 30-32, kidney [Fig. 7C], and teeth [Fig. 7D].
Using live tissue imaging, EGFP™ cells were visualized throughout the heart, including
spontaneously beating cardiomyocytes within the left and right ventricular walls and the
ventricular apex, suggesting that a proportion of neonatal cardiac cells expressed cKitat the
time of tamoxifen treatment [Fig. 7E and Online Videos I11-VI].

A mean of 76.9.3+4.5 EGFP* cells were detected per heart section analyzed, 20.9%+2.4%
of which were tropomyosin* ventricular cardiomyocytes [Fig. 7F,G, Online Video VII]. In
addition, 6.5%z+1.7% of atrial EGFP* cells co-expressed tropomyosin, indicative of fully
differentiated atrial cardiomyocytes [Fig. 7G]. Intriguingly, we detected only one EGFP*/
Tropomyosin®™ mononucleated ventricular cardiomyocyte undergoing mitosis in the two
neonatal mouse hearts in which we quantified cKitmediated cardiomyogenesis, suggesting
that cKit-dependent cardiomyogenesis and cardiomyocyte proliferation represent two
distinct mechanisms by which the neonatal mouse heart generates cardiomyocytes [Fig. 7F].
Additionally, and consistent with our previous findings?, expression of EGFP was observed
in neuronal-like cardiac cells, ventricular epicardium, and cardiac valves, but not in coronary
vascular cells [Fig. 7G-K].

Stimulation of dilated cardiomyopathy human CSCs by human MSCs

Last, we sought to investigate the clinical relevance of our neonatal mice and iPSCs findings
and tested if isolated CSCs from chronically diseased human (h) hearts (hCSCs) are
chemotactically responsive to hMSCs, under both normal and hypoxic conditions. We
prepared hCSCs from three dilated cardiomyopathy patients admitted to our center,
following percutaneous endomyocardial biopsy as previously described8. We used three
hMSCs lines previously established in our lab from healthy donors [Online Fig. IV A]%3.
Flow cytometric analysis indicated that 98.85%+0.5% of human CSCs expressed cKit
[Online Fig. IV B-D]. In addition, similar to mouse CSCs, hCSCs expressed Nkx2.5and the
neural crest-specific marker Pax3 [Online Fig. IV E-F]. A Fluo-8 intracellular Ca2*
mobilization-based assay of CXCR4 activity, with a Chem-1 cell line transduced to
overexpress human CXCR4 the and the G protein Ga 15, illustrated activation of the human
SDF1/CXCR4 pathway by hMSCs; and that this effect is blocked in the presence of 1uM
AMD3100 (data not shown).

The migratory capacity of hCSCs was tested in a transwell migration assay. Accordingly,
1x10° hCSCs were suspended in serum-free medium and loaded into the upper wells of
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Boyden chambers. To test hCSC chemotactic responsiveness to hMSCs, the lower wells of
the Boyden chambers were coated 24h earlier with 1x10° mitotically inactivated hMSCs in
serum-free medium. hCSCs were allowed to migrate for 24h, in either 20% O, or 0.5% O
[Online Fig. V A]. Quantification of the migrated cells corroborated a marked increase in
hCSCs mobilization by hMSCs. The chemotactic effect of hMSCs was abrogated in the
presence of AMD3100 [Online Fig. V B-E]. Interestingly, exposure of the cell cultures to
0.5% Oy, resulted in acute loss of the migratory activity of hCSCs, which could be partially
rescued in the presence of hMSC [Online Fig. V E]. Gene-expression analysis illustrated
that exposure of hCSCs and hMSCs to hypoxia did not affect expression of CXCR4, which
was highly expressed in hCSCs but not in hMSCs [Online Fig. V F], but resulted in a
significant downregulation of SDF1a expression, both in hCSCs and hMSCs [Online Fig. V
G].

DISCUSSION

A major hypothesis in the field of cell-based therapy is that different cell types from
different tissue origins can have additive effects on tissue repair. One particular promising
example is that of cKit* CSCs and MSCs, a concept that has formed the basis for several
clinical trials, including the CONCERT-HF7-10. 16, 17, 33-35 Here we have uncovered the
signaling mechanisms responsible for these interactions. We have shown that SDF1a and
SCF secreted by bone marrow-derived MSCs have important effects on CSCs. SDFla
promotes migration of cardiac derived CSCs and enhances their lineage commitment toward
contractile cardiac myocytes, whereas the cKit receptor activation by SCF, plays an
important role in CSC proliferation [Online Fig I]. These data provide the mechanistic basis
by which MSCs activate endogenous CSCs to migrate, proliferate, differentiate and
stimulate repair in the diseased heart.

Our data are in agreement with earlier studies documenting that cell-cell interactions
between MSCs and CSCs are associated with enhanced regeneration and therapeutic
benefit® 10. 16-18,25,36 \we previously showed in a large animal model of myocardial
infarction, that transplantation of MSCs produces significant improvements in heart function
and scar size reduction, and that this effect is partly attributed to a transient mobilization of
CSCs at the sites of MSCs engraftment®. Further, we’ 8 and others0 recently showed that
when MSCs and CSCs are co-transplanted as a cell mixture, the therapeutic benefit may be
further enhanced.

Here, we have used several in-vivo and ex-vivo sophisticated experimental models, to test
these cellular interactions. Our ex-vivo genetic lineage-tracing studies, and our experiments
with human CSCs and MSCs, document a chemotactic effect of MSCs on CSCs that relies
on the SDF1/CXCR4 signaling pathway. Although our transwell experiments with human
CSCs and MSCs indicate that direct cell-cell interactions between MSCs and CSCs are not
necessary for in-vitro chemotaxis, experiments in large animal-models of ischemic heart
disease show that administering the MSC secretome is not a therapeutically sufficient
substitute for MSC transplantation®. Accordingly, these data do not exclude cell-cell effects,
in addition to paracrine effects, as the underlying mechanisms of cell-based therapies.
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We observed that MSCs significantly enhance CSC growth rates in the presence of SCF.
Based on previous reports?3 37, but also due to the white-spotting phenotype that is often
produced from mutations in the cKitand SCF loci, we expected that the SCF/cKit signaling
pathway would affect CSCs mobilization by MSCs. However, we did not find evidence that
modulation of SCF/cKit is sufficient to control CSC mobilization. Importantly,
CKItCTeERTZ/*_|abeled cells in other postnatal tissues exhibited full ex-vivo migratory
capacity (Online Fig. I11), suggesting that the observed effect is unlikely due to an
underlying cKithaploinsufficiency. Notably, consistent with our findings, a recent study
reported that activation of SCF/cKit signaling alone is not sufficient to regulate CSC
migration, and requires transactivation of SDF1/CXCR423,

A recent report showed that Ephrin signaling also regulates CSC traffickingCSC38: 39, MSCs
express Ephrins?0, therefore, it is possible that part of the chemotactic effects of MSCs on
CSCs that were documented in this study, are Ephrin-mediated. Interestingly, developmental
studies indicate that the two signaling pathways may control different aspects of cardiac
neural crest cell migration®!. Signaling through Ephrins has been suggested to provide
directional guidance, whereas SDF1/CXCR4 is thought to regulate motility of cardiac neural
crest cells. Our findings suggest that, SDF1/CXCR4-mediated inhibition of CSC migration
may be required for triggering differentiation into cardiomyocytes . It would be interesting
to explore whether MSCs could also enhance directional guidance of CSCs into the
damaged myocardium via Ephrin-mediated signaling.

Using the cKiifCERT2* 1RG reporter mouse line we were able to track the fate of cKit* cells
in the heart (~60% EGFP™). Using the same knock-in mouse line, we recently delineated a
neural crest-derived cardiomyogenic CSC lineage as a source of a relatively small proportion
of embryonic cardiomyocytes?. Our findings strongly suggest that, as with its embryonic
cardiomyogenic cell program3-5, the mammalian heart differentiates a relatively small
proportion of postnatal CSCs, to establish its full complement of cardiomyocytes after

birth 27- 42, The postnatal CSCs represent a migratory population of Nkx2.5% cells whose
migration and differentiation are modulated by the SDF1/CXCR4 signaling pathway and can
be significantly stimulated by MSCs for therapeutic purposes [Online Fig. I].

Consistent with the fate of the embryonic CSC lineage® 12, our postnatal studies found no
evidence for coronary vascular cell labeling under the cKitC"eERTZ/# gllele. Although this
finding appears to contrast with other recent cKit lineage-tracing studies® 5 8, we believe
this discrepancy reflects an apparent lower fate-mapping sensitivity of the cK/itC/eERTZ/*
mouse compared to the other 6 cKitknock-in models2. Apparently, although all 7 cKit
knock-in alleles3- exhibit similar sensitivity in tracing cKit-derived cardiomyocytesl2: 43,
the cKitC"eERTZ/* glele specifically marks the cardiomyogenic over the vasculogenic
postnatal cKit* lineages since if they were of same ancestry, we should have detected at least
a few vascular derivatives with the cKitC"eERTZ/* gllele.

We also examined whether the expression of reporter genes in cardiomyocytes indicates
CSC differentiation3: 4 44. 45 or jn-situ expression of cKitin cardiomyocytes8. Our in-vitro
experiments with cells derived from mice with the cK7fc®ERT2/# allele show that expression
of reporter genes marks non-contractile, proliferative and migratory cKit* cells, and not
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differentiated cardiomyocytes. These findings are consistent with previous reports3: 4 44,46,
Nonetheless, because of the apparently lower cardiac sensitivity of the cK7itC"eERT2/* gllele

compared to other cKitknock-ins® 6, we do not exclude the possibility that a population of
cardiomyocytes, undetectable by our reagents, express cKit.

To this end, we would like to acknowledge a number of limitations of the knock-in models
compared to transgenic approaches, which may have influenced the cKitlineage tracing
findings reported by us and others3: ® 6. For example, coat color differences between the
wild-type and cKitknock-in mice likely suggests improper function of neural crest cells due
to cKit haploinsufficiency. It is possible that this deficit also affected cardiac cKit* cells to
some extent, and therefore our findings may have somewhat underestimated the role of cKit*
cells in the heart.

In summary, our findings indicate that postnatal CSCs are bona fide cardiomyogenic stem
cells from which new cardiomyocytes are generated after birth. We further show that a
biologically important relationship exists between MSCs and CSCs, which involves the
SCF/cKit and the SDF1/CXCR4 pathways, and may be harnessed for therapeutically
enhancing the degree of cardiomyogenesis from endogenous CSCs. Together these findings
support the development of novel cell combination-based therapies for the prevention and
treatment of heart disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non Standard Abbreviations

MSCs Mesenchymal Stem Cells

CSCs cKit+ cardiac stem cells

PN Days of postnatal life

TAM Tamoxifen

EBs Embryoid bodies from induced pluripotent stem cells

DSRED the red fluorescent protein variant DsRed-Express
SCF Stem cell factor

AMD3100 An SDF1/CXCR4 anatgonist
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BF Brightfield

APC Allophycocyanin

SEM Standard error of means
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Novelty and Significance
1. What is Known?

. Because bone marrow mesenchymal stem cells (MSCs)
stimulate endogenous c-Kit* cardiac stem cells (CSCs)
the idea of mixing MSCs and CSCs to create a novel
and potent cell-based therapeutic has arisen.

. While mixtures of MSCs and CSCs have enhanced
therapeutic effects in porcine models, the precise
molecular and cellular mechanisms for this interactive
effect are not fully known.

2. What new information does this article contribute?

. Using organotypic co-culturing and genetic labeling of
CSCs this study shows that MSCs stimulate profoundly
the abundance and migration of CSCs.

. MSCs promote CSC proliferation via the stem cell
factor (SCF)/c-Kit signaling axis.

. MSCs induce CSC migration and differentiation into
de-novo cardiomyocytes via regulation of the SDF1/
CXCR4 signaling axis.

3. Summary of the Novelty and Significance Section.

Combining MSC and CSCs is a potential means to augment therapeutic cell based repair
of the injured heart. While animal models support the idea that these mixtures have
enhanced efficacy to reduce infarct scar in acute myocardial infarction and enhance LV
performance in chronic heart failure, the mechanistic basis for MSC-CSC interactions
action are incompletely understood. Here we show that MSCs stimulate CSCs to
proliferate, migrate and differentiate in de-novo cardiomyocytes, by regulating the SCF/
cKit and SDF1/CXCR4 signaling pathways. Using iPSC modeling, we demonstrate that
developmental activation of SDF1/CXCR4 signaling is involved in CSC specification,
migration and differentiation into Nkx2.5* cardiomyocytes. Paradoxically, genetic
lineage-tracing in neonatal mice reveals loss of migratory and proliferative activity of
postnatal CSCs, which may be recovered via MSC-dependent activation of SDF1/
CXCR4. Antagonism of MSC-mediated SDF1/CXCR4 signaling by AMD3100 inhibits
postnatal CSC migration and proliferation but promotes differentiation into beating
cardiomyocytes. On the other hand, SCF/cKit signaling enhances CSC proliferation but
not migration. Human MSCs elicit similar effects in culture-expanded adult human
CSCs. Together these findings offer novel insights into the mechanisms of cell-based
cardiac repair, and support the concept that MSC-CSC interactions may be deployed
therapeutically to enhance cardiac regenerative repair.
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Figure 1. Neonatal heart cells originally marked by cKi are non-contractile and

proliferate
A, Schematic of the ex-vivo genetic fate-mapping strategy to assess the original identity of

CKItCTeERTZ/* _recombined heart cells. B-C, Live-tissue fluorescence imaging of tamoxifen-
pulsed neonatal cardiac explants. At the time of harvest [Day (d)0], explants are DSRED™*
and do not express EGFP epifluorescence. D-E, Live-tissue fluorescence imaging of
tamoxifen-pulsed neonatal cardiac explants on d2 (D) and d5 (E) of culture. Expression of
EGFP is restricted in a minor population of non-contractile cardiac cells, which proliferate
with time. F-H, Confocal immunofluorescence against cardiac troponin T and EGFP of PN1
explants, after 8 days in culture. Panels G-H are a higher magnification of the area in inset of
panel F. EGFP does not co-localize with cyanine-5 labeled cardiac troponin T. I,
Quantification of EGFP* cells during a 5-day culture period. BF, Brightfield. Scale bars, B-
E, 200um; F, 100pum; G-H, 20pM.
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Figure 2. MSCs stimulate outgrowth of CSCs from cardiac explants
A, Schematic of the ex-vivo lineage-tracing experiments to assess the effect of MSCs on

cKit+ cardiac cells. B-C, Ex-vivo culture of a cKitc"®ER72/* -JRG myocardial explant on days
(d)3 (B) and d5 (C), after co-culture with MSCs.. D, Representative flow cytometric analysis
of EGFP and cKit-APC co-localization in the spleen. E, Live epifluorescence imaging of
EGFP and DSRED in spleen cells of panel A, prior to FACS analysis. F, Representative flow
cytometric analysis of EGFP and cKit-APC co-localization in the heart. G, Live
epifluorescence imaging of EGFP and DSRED in heart cells of panel C, prior to FACS
analysis. H, summary of Cre-mediated recombination efficiency in cKit" cardiac and spleen
cells (n=3 per group). I, Immunostaining of neonatal spleen explant-derived cells with a
cyanine-5 CD45/CD68 antibody cocktail (pseudocolored red). All spleen EGFP* cells have
a blast-like morphology and exhibit strong CD45/CD68 immunoreactivity. J,
Immunostaining of neonatal cardiac explant-derived cells from the same mouse, with a
cyanine-5 CD45/CD68 antibody cocktail. All cardiac EGFP* cells have a spindle cell-like
morphology and are negative for CD45/CD68. Scale bars, 200um.
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Figure 3. Co-localization of EGFP and Nkx2.5 in cardiac explant derived cells from
cKitCT8ERTZ | RG mice

A-C, Fluorescent immunocolocalization of EGFP (A) and Nkx2.5 (B) in cardiac explant-
derived CSCs. Panels D-F are blown-up images of the areas delineated with insets in panels
A-C, respectively. Scale bars, 200um.
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Figure 4. Expression of SDF1la and CXCR4 during derivation of CSCs from iPSckit
A, Schematic of the experimental design. B, Confocal immunofluorescence illustrates that

the generation of CSCs from iPSCA involves migration of CSCs from the embryoid bodies
(EBs, solid line). C-D, high magnification of the area delineated by the inset in panel B,
illustrates co-localization of EGFP with Nkx2.5 in the migrated CSC derivatives. E-F Gene-
expression analysis during differentiation of iPSCAto CSCs shows a dramatic upregulation
in SDF1a and CXCR4. n=3; Scale bars, 100um.
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Figure 5. AMD3100 disables chemotactic responsiveness of CSCs to MSCs and promotes cardiac
differentiation

A, Schematic of the ex-vivo genetic fate-mapping strategy to assess the role of SDF1/
CXCR4 signaling pathway in MSCs-CSCs interactions. cKit“"®FR72/* :|RG neonates (n=2
neonates; 3 myocardial explants/neonate/time point) were pulsed with tamoxifen at PN2; on
PN3 heart tissue was explanted and cultured ex-vivo on MSCs-coated vessels in the presence
or absence of AMD3100. The migratory activity of CSCs was assessed as the outgrowth of
EGFP* myocardial cells from within the explanted tissue into the coated surface of the
culture vessel. B, Inhibition of the chemotactic responsiveness to MSCs by AMD3100,
dramatically enhances differentiation of EGFP* cells into spontaneously beating derivatives..
C, A myocardial explant cultured on MSCs feeders for five 6 days. D, Supplementing the
growth medium with AMD3100 inhibits migration of EGFP* cells. AMD, AMD3100. Data
are presented as mean£SEM. ***p<0.0001. Scale bars, 150um.
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Figure 6. Regulation of CSCs self-renewal by MSCs
A. Schematic of the ex-vivo genetic fate-mapping strategy to assess the role of MSCs in

modulating self-renewal of CSCs (n=6 cKit"®ERT2/* -|RG neonates). B, Comparison of the
impact of MSC feeders and/or SCF, in the growth of EGFP* cells after 5 days of cardiac
explant culture. C, Representative photomicrographs of day-5 myocardial explant cultures in
the presence or absence of MSCs and SCF. Note that, establishment of primary, explant-free,
proliferating EGFP™* colonies, requires the presence of both an MSCs feeder layer and
exogenous administration of SCF. D, Time-lapse live tissue epifluorescent image of a
myocardial explant cultured on an MSC feeder layer, in the presence of exogenously
administered SCF. Note the time-dependent proliferative expansion of EGFP* cells, and
eventually their outgrowth and establishment of explant-free colonies within 5 days of tissue
culture. E, Impact of SCF/cKit and SDF1/CXCR4 signaling neutralization with an anti-cKit
(a-cKit) antibody and AMD?3100 respectively (n=2 neonates; 3 myocardial explants/neonate/
time point). F-H, Representative photomicrographs of day-6 myocardial explants, cultured
on MSCs feeders, in the presence or absence of SCF. Modulating the activity of the SCF/
cKit signaling pathway by adding (F) or withdrawing (G) SCF does not rescue the migratory
activity of CSCs, following AMD3100 antagonism (n=2 neonates; 3 myocardial explants/
neonate/time point). H, Neutralization of the SCF/cKit signaling pathway does not affect
EGFP* cell migration (n=2 neonates; 3 myocardial explants/neonate/time point). AMD,
AMD3100. Data are presented as mean+SEM. ***p<0.0001 within groups. T£=0.001
between groups. Scale bars, 150um.
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Figure 7. Genetic fate-map of postnatal cKit-expressing cells in the neonatal mouse
A, Schematic of the genetic fate-mapping strategy. cKif“"®5RT2/* .|RG neonates (n=6) were

pulsed with tamoxifen at PN3 and PN4 and expression of EGFP in cKit* cells and their
derivatives was analyzed on PN7. B. Representative confocal immunofluorescence of EGFP
and DSRED in tamoxifen-treated cKir*’*:/RG (top) and cKitc"®ERTZ/* -|RG (bottom)
littermates. EGFP is exclusively expressed upon Cre-mediated recombination. C-E,

Expression of EGFP was detected in all tissues in which contribution from cKit-expressing
cells has been previously reported, including the kidney (C), the developing incisors (D) and
the heart (E). F, confocal immunofluorescence of an EGFP*/Tropomyosin® ventricular
cardiomyocyte (arrow) in mitosis (inset, DNA). G, Quantification of EGFP™ derivatives in
the postnatal heart (n=2). H-J, In addition to cardiomyocytes, EGFP* derivatives of
postnatal CSCs were also detected in the epicardium (H, arrow), cardiac valves (1, arrow)
and in neuronal cardiac cells (J). K, Although EGFP cells were occasionally detected in
close proximity to large coronary vessels (arrow), contribution of CSCs to coronary vascular
cells was never detected. vCMs, ventricular cardiomyocytes; aCMs, atrial cardiomyocytes;
LA, left atrium; LV, left ventricle; Aov, aortic valve. Data are presented as mean+SEM.
Scale bars, 200um (C-E); 10um (B, F-K).
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