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The vast majority of cells delivered into the heart by conventional means are lost within the ﬁrst 24 h.
Methods are needed to enhance cell retention, so as to minimize loss of precious material and maximize
effectiveness of the therapy. We tested a cell-hydrogel delivery strategy. Cardiosphere-derived cells
(CDCs) were grown from adult human cardiac biopsy specimens. In situ polymerizable hydrogels made of
hyaluronan and porcine gelatin (HystemÒ-CÔ) were formulated as a liquid at room temperature so as to
gel within 20 min at 37  C. CDC viability and migration were not compromised in Hystem-CÔ. Myocardial
infarction was created in SCID mice and CDCs were injected intramyocardially in the infarct border zone.
Real-time PCR revealed engraftment of CDCs delivered in Hystem-CÔ was increased by nearly an order of
magnitude. LVEF (left ventricular ejection fraction) deteriorated in the control (PBS only) group over the
3-week time course. Hystem-CÔ alone or CDCs alone preserved LVEF relative to baseline, while CDCs
delivered in Hystem-CÔ resulted in a sizable boost in LVEF. Heart morphometry revealed the greatest
attenuation of LV remodeling in the CDC þ Hystem-CÔ group. Histological analysis suggested cardiovascular differentiation of the CDCs in Hystem-CÔ. However, the majority of functional beneﬁt is likely
from paracrine mechanisms such as tissue preservation and neovascularization. A CDC/hydrogel
formulation suitable for catheter-based intramyocardial injection exhibits superior engraftment and
functional beneﬁts relative to naked CDCs.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Cardiovascular disease remains the leading cause of death
and disability in Americans, claiming more lives each year than
cancer, diabetes mellitus, HIV and accidents combined [1].
Ischemic heart disease is the predominant contributor to cardiovascular morbidity and mortality; w1 million myocardial infarctions (MIs) occur per year in the United States while w5 million
patients suffer from chronic heart failure [2]. Death rates following
MI have improved dramatically over the last four decades [3], but
new approaches are nevertheless urgently needed for those
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patients who deteriorate and develop ventricular dysfunction [4].
Over the past ten years, stem cell transplantation has emerged as
a promising therapeutic strategy for acute or chronic ischemic
cardiomyopathy. Over the last six years, we have taken a unique
cell therapy product, cardiosphere-derived cells (CDCs) from
proof-of-concept animal studies [5e13] to a recently completed
phase I clinical trial. Data from our clinical trial (CADUCEUS,
NCT00893360 at clinicaltrials.gov) indicates that CDCs augment
cardiac function and reduce scar size in mild to moderate ischemic
cardiomyopathies [14]. However, CDCs face the same fate as most
other cell types, that is extremely low retention rates in the heart
shortly after delivery, which certainly cripples the efﬁciency and
efﬁcacy of cell therapies in general [15]. In fact, the vast majority
of cells delivered into the heart by conventional means are lost
within the ﬁrst 24 h [16]. Methods are needed to enhance
retention.
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The blooming of biomaterial and tissue engineering research
opens the door for a new paradigm of cell therapy [17]. Injectable
biomaterial gels are particularly appealing as they are amenable to
minimally-invasive delivery and capable of enhancing cell
engraftment by providing a temporary scaffold [18]. We have
previously reported that injection of platelet gel alone or platelet
gel spiked with CDCs ameliorates cardiac dysfunction in rats with
myocardial infarction [19,20]. Despite of its appearing autologous
nature (i.e. derived from the same animals/patients who receive the
gel), platelet gel usually contains numerous components that
vary from patient to patient. Also, the gel needs to be freshly
prepared from the patients in advance to injection and cannot be
offered in an “off the shelf” fashion. Therefore, we started look for
a commercially-available and chemically-deﬁned biomaterial that
can enhance the therapeutic beneﬁt of our CDC products. One
among various biomaterial choices, hyaluronan is a glycosaminoglycan component of the extracellular matrix of all connective
tissues, making it an attractive scaffold [21]. Hyaluronan-based
hydrogels can be formulated with varying gelation times depending on the concentrations of the individual monomers, making
them suitable for catheter delivery and in situ polymerization.
HystemÒ-CÔ (BioTime Inc.) is a hyaluronan-based hydrogel crosslinked using thiol-reactive poly(ethylene glycol) diacrylate and
covalently linked to thiolated collagen to aid cell attachment. The
base product is chemically-deﬁned and nonimmunogenic and the
collagen is porcine derived. It has been demonstrated that HystemCÔ promotes tissue repair in various organ systems [22]. However,
its utility in cardiac applications has yet to be explored.
In the present study, we developed and tested a cell-biomaterial
strategy which embeds human CDCs within the Hystem-CÔ
hydrogel. In a mouse model of myocardial infarction, we compared
the functional beneﬁts of this CDC/hydrogel combination product
with those seen using CDCs or hydrogel alone.
2. Methods
2.1. Human CDC culture
Percutaneous endomyocardial heart biopsies were obtained from the right
ventricular aspect of the septum in patients during clinically-indicated procedures
with IRB approval and informed consent from the patients. Cardiosphere-derived
cells (CDCs) were derived as described [13]. Brieﬂy, heart biopsies were minced
into small fragments. After brief digestion with collagenase, the tissue fragments
were cultured as “explants” on dishes coated with 20 mg/ml ﬁbronectin (BD
Biosciences). Within 1e2 weeks, stromal-like ﬂat cells, and phase-bright round cells,
emerged from the tissue fragments and became conﬂuent. These cardiac-derived
cells were harvested using 0.25% trypsin (Gibco), and then cultured in suspension
as self-aggregated cardiospheres on poly-D-Lysine (20 mg/mL; BD Biosciences). CDCs
were grown by seeding cardiospheres on ﬁbronectin-coated dishes and passaged
twice as described [13]. All cultures were incubated in 5% CO2 at 37  C, using IMDM
basic medium (Gibco) supplemented with 20% FBS (Hyclone), 1% penicillin/streptomycin, and 0.1 mM 2-mercaptoethanol.

2.4. CDCs in hyaluronan-based hydrogel
Human CDCs were incorporated within the hydrogels during the crosslinking
process prior to gelation. The ﬁnal aqueous cell solution passed readily through a 30gauge needle (used for injections in small animal studies) with no appreciable loss of
material. Gelation occurred within 20 min of mixing all components. CDC viability
within the Hystem and Hystem-CÔ hydrogels was ﬁrst examined in a 96 well format
by an in vitro cell viability assay (Cell Counting Kit-8, Dojindo) at Day 4 and Day 7
after seeding. Since the ﬁnal goal is to deliver CDCs that can survive and migrate out
of the hydrogel to regenerate the infarcted myocardium, we next tested the in vitro
migratory potential of CDCs incorporated within the two hydrogels (Hystem and
Hystem-CÔ). A transwell plate setup allowed for cell migration through pores into
the lower chamber where they could be detected. Calcein-labeled CDCs (10,000
cells/mL) were incorporated and fetal bovine serum (FBS) served as a chemoattractant in the lower chamber. As the CDCs migrated from the upper to the lower
chamber, ﬂuorescence (RFU) increased.
2.5. Animal model
Acute myocardial infarction was created in adult male SCID-beige mice (10e12
weeks old), as described [12,13]. Brieﬂy, after general anesthesia and tracheal intubation, mice were artiﬁcially ventilated with room air. A left thoracotomy was performed through the fourth intercostal space and the left anterior descending artery
(LAD) was ligated with 9-0 prolene under direct visualization. The mice were then
subjected to intramyocardial injections with a 30-gauge needle at two to four points
in the infarct border zone. CDCs were added to the hydrogels immediately prior to
injection, allowing for gelation to occur primarily in situ. For the acute retention study,
CDCs were labeled with DiI and suspended at 10,000 cells/mL (total 1.5  105 CDCs) in
PBS, HystemÔ, or Hystem-CÔ (n ¼ 4e5 mice for each group). All animals were
sacriﬁced 24 h after injection for qPCR and histological analysis of cell retention. For
the long-term functional study, 4 groups were compared: 1) Control: intramyocardial
injection of 15 mL PBS (n ¼ 8); 2) Hystem-CÔ only: intramyocardial injection of 15 mL
Hystem-CÔ hydrogel (n ¼ 8); 3) CDCs only: intramyocardial injection of 1.5  105 CDCs
in 15 mL PBS (n ¼ 8); 4) CDCs þ Hystem-CÔ: intramyocardial injection of 1.5  105 CDCs
in 15 mL Hystem-CÔ hydrogel (n ¼ 8). Animals were followed for 3 weeks.
2.6. Cell engraftment assay by quantitative PCR
Animals were sacriﬁced and their hearts excised to obtain an actual measurement of the number of cells engrafted. Real-time PCR experiments using the humanspeciﬁc repetitive Alu sequences were conducted [24]. The whole heart was
weighed and homogenized. Genomic DNA was isolated from aliquots of the
homogenate corresponding to 30 mg of myocardial tissue, using the DNAeasy
minikit (Qiagen), according to the manufacturer’s protocol. The TaqManÒ assay
(Applied Biosystems) was used to quantify the number of transplanted cells with the
human Alu sequence as template (Alu forward, 50 -CAT GGT GAA ACC CCG TCT CTA30 ; Alu reverse, 50 -GCC TCA GCC TCC CGA GTA G-30 ; TaqMan probe, 50 -FAM-ATT AGC
CGG GCG TGG TGG CG-TAMRA-30 , Applied Biosystems). For absolute quantiﬁcation
of cell number, a standard curve was constructed with samples derived from
multiple log dilutions of genomic DNA isolated from the same human CDC isolates
that were used for the animal experiments. All samples were spiked with 50 ng of
mouse genomic DNA to control for any effects this may have on reaction efﬁciency in
the actual samples. All samples were tested in triplicates. The result from each
reaction, number of human cells in 50 ng of genomic DNA, was expressed as the
number of engrafted cells per heart, by ﬁrst calculating the cell number in the total
amount of DNA corresponding to 30 mg of myocardium and then extrapolating to
the total weight of each heart.
2.7. Heart morphometry

The phenotype of CDCs was investigated by ﬂow cytometry analysis. Brieﬂy,
cells were incubated with FITC, PE, or APC-conjugated antibodies against CD45,
CD90, CD105, CD117 (c-kit), and DDR2 (ebiosciences Inc., San Diego, California) for
30 min. Isotype-identical antibodies served as negative controls. Quantitative
analysis was performed using a CYAN-ADP ﬂow cytometer with Summit 4.3 software (Beckman Coulter, Brea, California).

For morphometric analysis, mice were euthanized at 3 weeks and the hearts
were explanted and frozen in OCT compound (n ¼ 3e5 mouse hearts per group).
Cryo-sections every 100 mm (5 mm thickness) were prepared. Masson’s trichrome
staining (6 sections per heart, collected at 400 mm intervals) was performed as
described [5]. Images were acquired with a PathScan Enabler IV slide scanner
(Advanced Imaging Concepts, Princeton, NJ). From the Masson’s trichrome-stained
images, morphometric parameters including viable tissue in infarct area and
infarct wall thickness were measured in each section with NIH ImageJ software.
Measurements were averaged for each heart.

2.3. Hyaluronan-based hydrogel

2.8. Echocardiography

2.2. Flow cytometry analysis

Ò

Glycosan HyStem (BioTime Inc., Alameda, CA) is a hyaluronan-based hydrogel
crosslinked using thiol-reactive poly(ethylene glycol) diacrylate. Extracellular
matrix (ECM) proteins such as collagen can be blended with hyaluronan to aid cell
attachment. One such formulation utilizes thiolated denatured porcine collagen
which can be covalently crosslinked to thiolated hyaluronan to create a cellcompatible hydrogel (HystemÒ-CÔ) [23]. All materials were prepared according to
the manufacturer’s instructions.

Mice underwent echocardiography 3 h (baseline) and 3 weeks after surgery
using Vevo 770Ô Imaging System (VISUALSONICSÔ, Toronto, Canada) (n ¼ 7e8 mice
per group). With general anesthesia, the hearts were imaged two-dimensionally in
long-axis views at the level of the greatest left ventricle diameter. Left ventricle
ejection fraction (LVEF) was measured with VisualSonics V1.3.8 software from 2D
long-axis views taken through the myocardial infarction area. The echocardiography
images were obtained and analyzed blindly by an experienced study staff.
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2.9. Histology
Mice were sacriﬁced 3 weeks after treatment. Hearts were sectioned in 5 mm
sections and ﬁxed with 4% paraformaldehyde (n ¼ 5 mice per group). The survival of
implanted cells was observed by staining of human nuclei antigen (HNA; Millipore)
in cells under ﬂuorescence microscopy. Differentiation of cardiac stem cells into
myocytes and endothelial cells was identiﬁed by immunostaining with monoclonal
antibodies against a-sarcomeric actin (aSA; Sigma) and von willebrand factor
(vWF; Abcam), respectively, as described above. Vasculature was visualized by
staining with alpha smooth muscle actin (aSMA; Sigma). Apoptotic cells were
detected by TUNEL staining using the In Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany). Cell nuclei were stained with DAPI. Images were
taken by a Leica TCS SP5 X confocal microscopy system.
2.10. Statistical analysis
All results are presented as mean  SD. Statistical signiﬁcance between two
groups was determined using the 2-tailed unpaired t test and among groups by
ANOVA followed by Bonferroni post hoc test. Differences were considered signiﬁcant for p < 0.05.

3. Results
3.1. CDCs in hyaluronan-based hydrogel
The morphology and mechanical properties of Hystem-CÔ
hydrogel were characterized previously [25]. The phenotype
proﬁles (surface marker expression) of Human CDCs were characterized by ﬂow cytometry analysis (Supplementary Figure 1).
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Consistent with our previous ﬁndings, CDCs revealed a distinctive
phenotype with uniform expression of CD105, partial expression of
c-Kit, CD90, and DDR2, and negligible expression of hematopoietic
markers (e.g. CD45). CDCs were incorporated within the various
hydrogels during the crosslinking process prior to gelation. The
ﬁnal aqueous cell solution passed readily through a 30-gauge
needle (used for injections in small animal studies) with no
appreciable loss of material and gelation occurred within 20 min.
Fluorescent microscopic images revealed normal CDC morphology
in Hystem-CÔ while CDCs in HystemÔ remained round-shaped and
non-spreading (Fig. 1A). CDC viability within the HystemÔ hydrogels was further examined quantitatively in a 96 well format by an
in vitro cell viability assay. CDC viability relative to the Day 2
viability level in all three formulations was quantiﬁed at Day 4 and
Day 7. This time point was chosen as it may take 1 week for the
hydrogels to begin to biodegrade in vivo and it would be ideal to
select a formulation which can sustain CDCs for that period of time.
A signiﬁcant difference in CDC viability between HystemÔ and the
modiﬁed versions, Hystem-CÔ, is seen at both the time points, with
the ECM-modiﬁed versions maintaining w80% CDCs as viable while
more than half of those embedded in HystemÔ do not survive
(Fig. 1B). This indicates that the ECM molecules are essential for cell
spreading and survival in the synthetic hydrogel.
Since the ﬁnal goal is to deliver CDCs that can survive and
migrate out of the hydrogel to regenerate the infarcted myocardium, we next tested the in vitro migratory potential of CDCs

Fig. 1. CDC survival and migration in the hydrogel. A, Representative ﬂuorescent micrographs showing live (Calcien-AM: green) and dead (EthD: red) staining of CDCs cultured in
HystemÔ and Hystem-CTM for 7 days. B, CCK-8 assay quantifying cell survival rates in HystemTM (black bars) or Hystem-CTM (green bars) (n ¼ 3). C, Trans-well migration assay
showing CDC migration rate in HystemTM (black bars), Hystem-CTM (green bars) or control (plain media; grey bars) (n ¼ 3). * indicates p < 0.05 when compared to HystemTM or no
hydrogel control. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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incorporated within the three hydrogels and the non-hydrogel
control. CDCs migrated out of the hydrogels as readily as did
CDCs alone. Migration rate was maximal within the ﬁrst 24 h of the
assay (Fig. 1C), at which time the rate of migration of CDCs through
Hystem-CÔ exceeded that in the ‘no hydrogel’ control, consistent
with the notion that the incorporated ECM molecules within Hystem-CÔ provide survival cues and facilitate cell function, in this
case, migration. The rate of migration then decreased, as expected
from gradual loss of the serum gradient. These data, considered
along with the survival data shown previously, imply that HystemCÔ promotes improved in vitro function.
3.2. Enhanced cell retention of CDCs delivered in hydrogel
Myocardial infarction (MI) was created in SCID mice and cell
products delivered intramyocardially (IM) through a 30-gauge
needle. CDCs were added to the hydrogels immediately prior to
injection, allowing for gelation to occur primarily in situ. CDCs,
labeled with DiI and suspended at 10,000 cells/mL in PBS, HystemÔ,
or Hystem-CÔ, were delivered at two to four sites within the MI
border zone (total 1.5  105 CDCs). 24 h post-injection, hearts were
collected for PCR quantiﬁcation of engraftment (human Alu
sequences) or histological examination. Few DiI-positive cells could
be detected in the hearts received CDCs delivered in PBS (Fig. 2A).
However, delivering cells in Hystem-CTM resulted in a sizable
engraftment. qPCR further conﬁrmed that CDCs delivered in Hystem-CÔ exhibited far superior engraftment (w35%) relative to PBS
or HystemÔ (Fig. 2B). These results suggest that CDC engraftment
levels can be greatly enhanced by using a hydrogel carrier and
provide strong motivation for the focus on long-term functional
beneﬁt. Given the favorable data on CDCs embedded in Hystem-CÔ,
we focused on this hydrogel for subsequent in vivo experiments.
3.3. Enhanced functional beneﬁt of CDCs delivered in hydrogel
The most meaningful efﬁcacy indicator of cell therapy, in practice, is the ability to produce functional beneﬁt after transplantation into the injured heart. To test if the in vitro assets of CDCs
in Hystem-CTM translate into greater functional beneﬁt in the
mouse MI model, we compared 4 treatment groups: Control, Hystem-CÔ only, CDCs only and CDCs þ Hystem-CÔ. Cardiac function
was measured by echocardiography, and all images were interpreted blindly and independently. The LVEFs at baseline (i.e., 2 h
post-MI) were comparable, indicating similar ischemic injury
among groups (Fig. 3A). Representative echocardiography images
at 3 weeks are shown as Supplementary Figure 2. Over the 3 week
time course of observation, LVEF deteriorated in the Control group.
In contrast, Hystem-CÔ only or CDCs only preserved LVEF, while
CDCs þ Hystem-CÔ resulted in a net boost in LVEF (p < 0.05 vs all
other groups; Fig. 3B). The superiority of CDCs þ Hystem-CÔ is
readily apparent upon inspection of the treatment effects, i.e. the
changes of LVEF from baseline in each group (Fig. 3C). The highest
cardiac function was seen in the CDCs þ Hystem-CÔ group.
3.4. Heart morphometry
Masson’s trichrome staining clearly distinguished scar tissue
(blue) from normal myocardium (pink) (Fig. 4A). Snapshots of the
infarct region (black box area) revealed various degrees of infarct to
normal ratios. Quantitative morphometry at 3 weeks showed
severe LV chamber dilatation and infarct wall thinning in the
control (vehicle-injected) hearts (Fig. 4A; “Control” panel).
Consistent with our previous report [13], CDC-treated hearts (CDC
only group) exhibited attenuated LV remodeling and less abnormal
heart morphology (Fig. 4A; “CDC only” panel), with more viable

Fig. 2. Enhanced cell engraftment by delivering CDCs in Hystem-CTM. A, Representative
confocal images showing engraftment of DiI-labeled human CDCs (red) 24 h after
injection into post-MI mouse hearts. B, quantitative PCR analysis of cell retention rates
in the heart (n ¼ 4e5). * indicates p < 0.05 when compared to “CDCs in PBS” or “CDCs
in Hystem”. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

tissue (Fig. 4B) and thicker infarcted walls (Fig. 4C). Hystem-CÔ
-treated hearts (Fig. 4A; “Hystem-C only” panel) also exhibited
some degree of heart morphology protection, which is consistent
with previous ﬁndings that injectable biomaterials attenuate
ventricular remodeling though Laplace’s Law. The best heart
morphology and the most attenuation of adverse LV remodeling
were seen from the CDCs þ Hystem-CÔ group (Fig. 4A; “HystemC þ CDC” panel), with the highest amount of viable tissue and
thickest infarct wall (Fig. 4B and C).
3.5. Engraftment and differentiation of CDCs delivered in hydrogel
The animals were sacriﬁced at 3 weeks after echocardiography.
Hearts were excised for histological and PCR analysis of cell
engraftment and differentiation. Transplanted CDCs could be
detected by the expression of a human nuclei antigen (HNA; Fig. 5A
and B green nuclei). Also, cardiac and endothelial differentiation of
transplanted CDCs in Hystem-CÔ were conﬁrmed with HNAPOS/
aSAPOS and HNAPOS/vWFPOS cells (Fig. 5A and B). This indicates that
delivering CDCs in hydrogel did not compromise their differentiation capacity. qPCR analysis of cell engraftment at 3 weeks revealed
huge decreases in cell numbers compared to 24 h in both groups
(Fig. 5C), as expected and previously described [5]. However, the
engraftment superiority of CDCs delivered in hydrogel was sustained over the 3 weeks (Fig. 5C). Histological analysis conﬁrmed
that more human CDCs were evident in the CDCs þ Hystem-CÔ
group as compared to CDCs only (Fig. 5D; green bars). With
a similar differentiation ratio, the engraftment superiority further
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Fig. 3. Cardiac function. Left ventricular ejection fraction (LVEF) measured by echocardiography at baseline (4 h post-MI) (A) and 3 weeks afterwards (B) in various treatment groups
(n ¼ 7e8 mice per group). (C) Changes of LVEF from baseline to 3 weeks in each group. * indicates p < 0.05 when compared to Control. ** indicates p < 0.05 when compared to any
other group.

translates into more CDC-formed cardiomyocytes and endothelial
cells in the CDCs þ Hystem-CÔ group (Fig. 5C; red and blue bars,
respectively).
3.6. Enhanced neovascularization of CDCs delivered in hydrogel
Although direct differentiation of CDCs was observed (Fig. 5),
the absolute numbers of engrafted and differentiated cells seemed
insufﬁcient to explain the salient therapeutic superiority (Fig. 3).
Therefore, we sought alternative explanations, with a focus on
indirect mechanisms such as paracrine effects. It has been shown

that CDCs secreted various pro-angiogenic factors (e.g. VEGF, HGF,
bFGF) [6]. Thus, we wondered if delivering CDCs in hydrogel
promoted angiogenesis. Neovascularization was quantiﬁed by
counting the SMA-positive lumen structures in the infarct area.
Unlike the paucity of SMA-positive vessels in the Control-treated
hearts, Hystem-CÔ and CDC-treated hearts exhibited more vessels
in the infarct area (Fig. 6A), indicating some degree of neovascularization potentiated by the biomaterial and cell therapy.
However, the highest neovascularization was seen in the
CDCs þ Hystem-CÔ group (Fig. 6B), nearly double that seen with
CDCs alone.

Fig. 4. Heart morphometry analysis. A, Representative Masson’s trichrome-stained myocardial sections 3 weeks after treatment. Scar tissue and viable myocardium are identiﬁed by
blue and red color, respectively. The infarct area in the snap-shot box is magniﬁed. B & C, Quantitative analysis and LV morphometric parameters of the Masson’s trichrome images
(n ¼ 3e5 mice per group). * indicates p < 0.05 when compared to Control. ** indicates p < 0.05 when compared to any other group. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. Long term engraftment and differentiation of CDCs delivered in hydrogel. A & B, Representative confocal images showing cardiac (A) and endothelial (B) differentiation of
CDCs delivered in Hystem-CTM 3 weeks after injection into the mouse hearts. Bars ¼ 50 mm. C, Quantitative PCR analysis of cell engraftment rates in the mouse hearts 3 weeks postinjection (n ¼ 3). D, Histological analysis of total engrafted CDCs (green bars) and newly-formed cardiomycytes (red bars) and endothelial cells (blue bards) from transplanted CDCs
in the mouse hearts (n ¼ 5). * indicates p < 0.05 when compared to “CDC in PBS”. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

3.7. Enhanced tissue preservation of CDCs delivered in hydrogel
Coinciding with regeneration is tissue preservation. Previously
we found CDC therapy decreases apoptosis in the post-MI heart, an
activity possibly mediated by the anti-apoptotic factors (e.g. IGF)
secreted by CDCs [6]. We wondered whether this tissue preservation effect was ampliﬁed by combination cell/biomaterial therapy
rationalizing that more CDCs are engrafted and the biomaterial
itself may also provide support to the injured myocardium. TUNEL
staining revealed a reduction of apoptotic cells in the peri-infarct
area (Fig. 7A; red nuclei) by CDCs or Hystem-CÔ treatment as
compared to Control. The least number of apoptotic cells was seen
in the CDCs þ Hystem-CÔ group (Fig. 7B). One should note that at 3
weeks acute inﬂammation and cell death resulting from ischemia
should have resolved. Therefore, the reduction of apoptotic cells is
most likely a reﬂection of adverse remodeling attenuation over the
3 week time course. Nevertheless, our results suggest delivering
CDCs in hydrogel maximize their tissue protection capabilities.
4. Discussion
In the present study, we tested the cardiac regenerative potential of a cell/biomaterial approach, which couples human
cardiosphere-derived cells (CDCs), extensively characterized by our
own lab and other groups [6e13,26e34], with a biopolymer to
create an engineered, universal-donor tissue product. Hyaluronan

is a glycosaminoglycan component of the extracellular matrix of all
connective tissues, making it an attractive scaffold [21]. It is also
a crucial component during heart development [35]. Hyaluronan is
currently used for a number of FDA-approved clinical applications,
including dermal and intra-articular injections. Particularly, the
success of the HystemTM hydrogel for tissue repair has been
demonstrated in various organ systems such as cartilage and neural
repair [25,36e38]. Overall, we found delivering CDCs in Hystem-CÔ
hydrogel maximized cell engraftment and therapeutic efﬁcacy.
To initiate the study, we ﬁrst compared various unmodiﬁed and
modiﬁed HystemÔ hydrogels. The results indicated that ECMmodiﬁcation signiﬁcantly improved cell spreading, viability and
activity in the hydrogel (Fig. 1). The RGD (Arg-Gly-Asp) sequences
presented in those ECM motifs may play an essential role in
anchoring cells via various membrane proteins such as integrins.
Delivering CDCs in Hystem-CÔ drastically increased acute cell
retention rate by nearly an order of magnitude (Fig. 2). Interestingly, non-ECM modiﬁed hydrogel (HystemÔ) did not help cell
retention rate, i.e. retention rate was similar to cells delivered in
PBS (Fig. 2B). This suggests that simple physical effects from the
hydrogel are not sufﬁcient to enhance cell retention. Rather, more
complicated mechanisms (likely cell adhesion and cell-ECM interactions) are involved in the process. Another explanation is that the
unmodiﬁed HystemÔ increases immediate cell retention (e.g. 10
min or 1 h). However, since the cells have poor adhesion and
survival rate in the matrix (Fig. 1), cell numbers incrementally
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Fig. 6. Promotion of angiogenesis by CDC/hydrogel transplantation. A, Representative confocal images showing alpha smooth muscle actin-positive vasculature in the hearts
receiving various treatment products. B, Quantitation of alpha smooth muscle actin-positive vasculature in various groups (n ¼ 5 mice per group). * indicates p < 0.05 when
compared to Control. ** indicates p < 0.05 when compared to any other group. Bar ¼ 200 mm.

shrink during the ﬁrst 24 h (via wash-out and/or cell death) and
eventually retention rates are indistinguishable from the PBS group
at 24 h.
Next, we compared the functional beneﬁt of various treatment
groups in a mouse model of acute myocardial infarction. Saline
injection did not exert any beneﬁcial effects as LVEFs deteriorated
over the 3 week time course (Fig. 3; grey bars). Consistent with our
previous ﬁndings [13], CDC treatment robustly augmented cardiac
function (Fig. 3; yellow bars). Hystem-CÔ alone also exhibited
beneﬁcial effects, most likely resulted from thickening of the LV
wall and reducing wall tension (by Laplace’s Law) [39]. An alternative explanation for the beneﬁt is that the injected hydrogel
provided a matrix for the recruitment of endogenous cardiovascular cells and/or progenitor cells [5]. The greatest functional
beneﬁt was seen in the Hystem-CTM þ CDC group, which had the
highest LVEFs at 3 weeks (Fig. 3B) and the most sizable treatment
effects (Fig. 3C). Masson trichrome staining followed by quantitative heart morphometry conﬁrmed the healthiest heart
morphology from the CDCs þ Hystem-CÔ group (Fig. 4).

Multiple mechanisms may contribute to the functional superiority of CDCs þHystem-CÔ over CDCs alone. Likely much of the
effect could be attributed to the signiﬁcant improvement in cell
retention (24 h; Fig. 2) and engraftment (3 weeks; Fig. 5C) with the
hydrogel. The enhancement of cell engraftment further translated
into better functional beneﬁts, through both direct differentiation
into a cardiovascular phenotype (Fig. 5A, B and D) and indirect
paracrine effects (i.e. more cells engrafted means more proangiogenic and anti-apoptotic factors secreted in the myocardium; Figs. 6and 7) [6,8]. Since the absolute numbers of engrafted
cells were small at 3 weeks (Fig. 5C and D), we postulated that
paracrine mechanisms play the major role in mediating endogenous repair. Indeed, the highest neovascularization (Fig. 6) and the
lowest tissue apoptosis (Fig. 7) were seen in the CDCs þ Hystem-CÔ
group.
Our study also has several limitations. We used open chest
surgery and intramusclar injection to examine the feasibility of
application in a small animal model. Minimally-invasive catheter
delivery is favorable in clinical scenarios. Studies are on-going in

Fig. 7. Reduction of apoptosis by CDC/hydrogel transplantation. A, Representative confocal images showing TUNEL-positive nuclei in the hearts receiving various treatment
products. B, Quantitation of TUNEL-positive cells in various groups (n ¼ 5 mice per group). * indicates p < 0.05 when compared to Control. ** indicates p < 0.05 when compared to
any other group. Bar ¼ 100 mm.
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the lab to conﬁrm the feasibility of catheter delivery of
CDCs þ Hystem-CÔ. Also, the dose and timing of delivery are
subject to optimization in large animal models.
5. Conclusion
We developed and tested a cell/biomaterial strategy which embeds
CDCs within the Hystem-CÔ hydrogel. This yields a therapeutic
product with high engraftment and functional beneﬁts superior to
those of either component alone. Given that both CDC and
hyaluronan-based hydrogels have entered human testing, our ﬁndings
offer the possibility of rapid translation of the product to the clinic.
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