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ABSTRACT

Recent clinical trials using autologous bonemarroworperipheral blood cells to treatmyocardial infarction
(MI) show controversial results, although the treatment has a good safety profile. These discrepancies are
likely caused by factors such as aging, systemic inflammation, and cell processing procedures, all of which
might impair theregenerativecapabilityof thecellsused.Here,wetestedwhether injectionofhumancord
bloodmononuclear cells (CB-MNCs) combined with hyaluronan (HA) hydrogel improves cell therapy effi-
cacy in apigMImodel.A total of 34minipigsweredivided into 5groups: shamoperation (Sham), surgically
induced-MIplus injectionwithnormal saline (MI+NS),HAonly (MI+HA),CB-MNConly (MI+CB-MNC),orCB-
MNC combined with HA (MI+CB-MNC/HA). Two months after the surgery, injection of MI+CB-MNC/HA
showed the highest left ventricle ejection fraction (51.32% 6 0.81%) compared with MI+NS (42.87% 6
0.97%, p < .001), MI+HA (44.2%6 0.63%, p < .001), andMI+CB-MNC (46.17%6 0.39%, p < .001) groups.
The hemodynamics data showed that MI+CB-MNC/HA improved the systolic function (+dp/dt) and
diastolic function (2dp/dt) as opposed to the other experimental groups, ofwhich the CB-MNC alone
group only modestly improved the systolic function (+dp/dt). In addition, CB-MNC alone or com-
bined with HA injection significantly decreased the scar area and promoted angiogenesis in the infarcted
region. Together, these results indicate that combined CB-MNC and HA treatment improves heart perfor-
mance and may be a promising treatment for ischemic heart diseases. STEM CELLS TRANSLATIONAL

MEDICINE 2016;5:56–66

SIGNIFICANCE

This study using healthy human cord blood mononuclear cells (CB-MNCs) to treat myocardial infarc-
tion provides preclinical evidence that combined injection of hyaluronan and human CB-MNCs after
myocardial infarction significantly increases cell retention in the peri-infarct area, improves cardiac
performance, and prevents cardiac remodeling. Moreover, using healthy cells to replace dysfunc-
tional autologous cells may constitute a better strategy to achieve heart repair and regeneration.

INTRODUCTION

Stem cells are immature, self-renewing cells that
have been proposed to improve cardiac function
aftermyocardial infarction (MI). Among them, au-
tologous bonemarrow cells have been shown for
use in repairingdamagedcardiac tissueafterMI in
patients [1]. However, poor outcomes have also
been reported in some clinical studies [2–4].
Age and diabetes may influence stem cell repar-
ative functions [5–7]. For example, Heeschen
et al. [8] reported that bone marrow mononu-
clear cells (MNC) impaired neovascularization
capacity when the cells were isolated from
chronic cardiomyopathy patients as opposed
to cells isolated from a healthy source. In ad-
dition, MI-induced systemic inflammatory re-
sponses are also known to inversely affect
therapeutic outcomes [9].

Recently, studies have suggested that human
umbilical cordbloodmononuclear cells (CB-MNC)
may be a better alternative to bone marrow
MNCs. Harvesting CB-MNCs is noninvasive and
presents low risk to the mother and infant [10,
11]. Additionally, CB-MNCs contain large amounts
of immature immune cells, suggesting that these
cells will have a lower incidence of graft-versus-
host disease compared with stem cells from
various other sources [11, 12]. Human umbilical
cord blood also contains a higher number of he-
matopoietic stem and progenitor cells com-
pared with adult bone marrow [13, 14].

Apart from the choice of cells to be trans-
planted, the number cells retained in themyocar-
dium can also affect overall cardiac function after
cell therapy [15, 16]. Studies have demonstrated
that themajority of the transplanted cells after in-
travenous transplantation were retained in other
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organs rather than in the heart [17]. Similarly, approximately
50%–90% cells were pumped out of the heart or dead within 24
hours after intramyocardial transplantation [18]. Only 1.3%–2.6%
of the transplanted cellsweredetected in the infarctedmyocardium
50–75 minutes after intracoronary delivery [19].

Hydrogel is well-established as an excellent material for use
in regenerative medicine [20]. The chemical properties of hydro-
gel allow thematerial itself to be easily manipulated into a three-
dimensional scaffold, which promotes cell adhesion and protein
deposition, thus providing a suitable microenvironment for cellular
growth [21–24].Hyaluronan(HA) isaglycosaminoglycanthat isabun-
dant in the extracellular matrix [25]. Tang et al. [26] mentioned that
the combination of umbilical vein endothelial cells and HA improved
blood flow in a peripheral artery occlusive disease mouse model.

Because previous studies have demonstrated that HA-based
hydrogel is suitable for implanting cells into themyocardium, it is
of interest to investigate whether this material can be applied in
CB-MNC transplantation [27]. In the present study, experiments
were carried out to examine the hypothesis that HA administered
in combination with CB-MNCs may increase cell retention and
improve cardiac function after MI in a pig model.

MATERIALS AND METHODS

Experimental Animals

All animal research procedures were approved by the National
Cheng Kung University Institutional Animal Care and Use Commit-
tee. Sexually mature Lanyu minipigs (∼5 months old, mean body
weight of 22.266 0.78 kg) fromNational Taitung Animal Propaga-
tion Stationwere used. Anesthesiawas administered to all animals
before surgery and in vivo measurements. After an overnight fast,
the pigs were injected with Zoletil (12.5 mg/kg; Virbac, Carros,
France, https://www.virbac.com), Rompun (0.2 ml/kg; Bayer
Healthcare, Leverkusen, Germany, http://www.bayer.com), and
atropine (0.05 mg/kg; TaiYu, Taiwan, http://www.tai-yu.com.tw/
home/index.php) before intubation. The pigs were attached to a
respirator for intermittent positive pressure ventilationwith amix-
ture of oxygen, air, and isoflurane (1.5%–2%; Baxter Healthcare,
Guayama, PR, http://www.baxter.com). An indwelling needle
was placed in an ear vein for continuous administration of saline
and anesthetic drugs if necessary. Dextrose (glucose) and electro-
lyte solutionswere administeredduring all surgical procedures. Af-
ter surgery, analgesics (Keto; YSP, Taichung, Taiwan, http://www.
ysp.com.tw) and antibiotics (Ampolin; YSP) were administered to
relieve pain and prevent infection.

Isolation of Human Cord Blood MNCs and DiI Labeling

Human umbilical cord blood samples were kindly provided by
StemCyte Taiwan, with the mother’s informed written consent
of the donation for academic research purposes.MNCs from cord
blood were isolated by Ficoll-Paque preparation according to the
manufacturer’s instructions (density: 1.077g/ml; GE Healthcare
BioScience, Uppsala, Sweden, http://www.gehealthcare.com).
MNCs were cryopreserved with 10% dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) in
plasma and stored in a liquid nitrogen tank until use. Before
use, CB-MNCs were thawed and centrifuged to remove DMSO.
To trace thesecells, CB-MNCswere labeledwithDiI (cell tracker;Mo-
lecular Probes, Invitrogen, Eugene, OR, http://probes.invitrogen.
com) according to the manufacturer’s protocol.

HA Hydrogel Preparation

A portion of 1% (wt/vol) HA powder (1,630 kDa; Sigma-Aldrich)
was dissolved in phosphate-buffered saline at 4°C on the shaker
overnight (16 hours). The resulting 1% HA hydrogel was stored in
multiple microtubes before use.

Surgically Induced MI and Treatment Administration

A total of 34 animals were divided into 5 groups, and a sham op-
erationwas performed by opening the chestwithout coronary ar-
tery ligation. The treatment groups were defined as follows: MI
+NS (normal saline), MI+CB-MNC (cell injection only), MI+HA
(HA only), and MI+CB-MNC/HA (HA with cell injection). MI was
induced by permanent midleft anterior descending coronary ar-
tery ligation. A 2-ml injection of normal saline (MI+NS), 1% hy-
aluronic acid (MI+HA) solution, or CB-MNC (total 1 3 108 cells)
without HA (MI+CB-MNC) or with HA (MI+CB-MNC/HA) was ad-
ministered over the infarct area at 24 hours after the surgery,
through intramyocardial injection (40 sites,∼50ml per injection).

Immunosuppression Protocol

Theminipigs that were cell-treatedwere placed on cyclosporine
andmethylprednisolone therapy to prevent rejection of the hu-
man cell transplants. Methylprednisolone (500 mg) IV was ad-
ministered to each pig before cell transplantation (the day
before MI surgery) and maintained for 3 days after surgery ac-
companied by cyclosporine (200 mg p.o.). Three days later,
methylprednisolone (20 mg p.o.) and cyclosporine (200 mg
p.o.) were administered once daily. Decreasing dosages were
given to pigs over the following 8 weeks.

Echocardiography

Cardiac function was assessed by echocardiography before and
immediately afterMI and1and2months after surgery usingVivid
7with a 3.5-MHz probe (GEHealthcare). The animals were placed
in the lateral decubitus position. The anesthesia condition used
for echocardiography was the same as that during surgery. Para-
sternal long-axis views were obtained with both M-mode and
two-dimensional echo imaging. The left ventricular end-diastolic
diameter (LVEDD) and end-systolic diameter (LVESD) were mea-
sured by the long axis view. The cursor was perpendicular to the
ventricle at the papillary muscle insertion site. The left ventricle
ejection fraction (LVEF) was calculated automatically by the echo-
cardiography system as (LVEDV2 LVESV)/LVEDV3 100%, where
LVEDV is the left ventricular end diastolic volume calculated as
7.03 LVEDD3/(2.4 + LVEDD), and LVESV is the left ventricle end-
systolic volume calculated as 7.03 LVESD3/(2.4 + LVESD).

Hemodynamics

After 2months, hemodynamics was assessed by ventricular cath-
eterization using 5.0 French gauge (1.67mm diameter) pressure-
volume sensing catheters (Millar Instruments, Houston, TX,
http://millar.com). The blood was drawn from the right jugular
vein to calibrate the electrical conductivity for volume conver-
sion. The catheter was inserted into the right carotid artery and
advanced to the left ventricle (LV). After stabilization, baseline
LV pressure-volume loopswere recorded. To change the preload,
the inferior vena cava was transiently compressed through an in-
cision in the upper abdomen. At the end of each catheterization,
10ml of 25% salinewas injected into the right atrium through the
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right jugular vein to determine the conductance. The volume and
hemodynamic data were analyzed by commercial software
(PVAN3.2; Millar Instruments).

Ratio of Scar Tissue and Collagen Content

After all in vivo measurements, the animals were sacrificed. The
hearts were harvested, and the atria were removed. The heart
was then cut into five sections from the apex to the midventricle
and placed upright. Images were then collected, and the scar tis-
sue (pale) was quantified by manual tracing and software calcula-
tion (ImageJ; NIH, Bethesda, MD, http://www.nih.gov). Collagen
countwas determinedusingMasson’s trichrome staining. Images
were taken at 10 randomly selected areas from each section by
digital microscopy at 1003 magnification. The collagen content
of each section was then quantified (Axio Vision; Carl Zeiss, Jena,
Germany, http://www.zeiss.com) and averaged.

Immunohistochemistry and Fluorescence Microscopy

Fixedmyocardial tissue sectionsweredeparaffinized, rehydrated,
and boiled in 10 mM sodium citrate (pH 6.0) for 10 minutes. This
was followed by incubation with antibodies against isolectin
(Molecular Probes, Invitrogen), SM22-a (Abcam, Cambridge,
U.K., http://www.abcam.com), von Willebrand factor (Millipore,
Billerica,MA, http://www.millipore.com), anti-humanmitochon-
dria (Millipore), and cardiac troponin I (Developmental Studies
HybridomaBank) according to themanufacturer’s protocol. Sam-
ples were then incubated with conjugated secondary antibodies
Alexa Fluor 488, 568, or 660 (Molecular Probes, Invitrogen). Finally,
sectionswere incubatedwith 49,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich), and all sections were observed under a fluores-
cence microscope.

Cell Retention Rate Analysis in the Injury Area

The DiI-positive cells in the injured area were observed. All tissue
sections were deparaffinized and retrieved. Tissue samples were
incubated with DAPI. The images were collected from 9 views
(2003 magnifications). Anti-human mitochondria antibodies
were also used to trace transplanted cells. Blinded quantification
was performed by manually counting DAPI and DiI or human mi-
tochondria double positive cells in each section.

Capillary and Arteriole Density Quantification

The capillary density was stained by isolectin as an endothelial
cellmarker. Themature cardiomyocyteswere stainedby cardiac
troponin I. The images were collected from 9 views (2003mag-
nifications) at the border zone. The arteriole densitywas stained
with SM22-a as a smooth muscle cell marker. The images were
collected from 9 different views (1003 magnifications) at the
border zone. Blinded quantificationwas performed bymanually
counting each section.

Transplanted Cell Differentiation Into ECs and SMCs

CB-MNC differentiation into endothelial cells (ECs) was quanti-
fied by manually counting DiI-positive cells that demonstrated
costaining with the vWF marker within each section. Similarly,
CB-MNC differentiation into smooth muscle cells (SMCs) was
quantified by manually counting DiI-positive cells that demon-
strated costaining with the SMC marker smooth muscle actin
(SMA) or SM22-a within each section.

Immune Cell Staining

The immune cells were stained with anti-CD3 antibodies and
incubated at 4°C overnight. Anti-mouse polymer-horseradish
peroxidase (Dako) antibodies were used as the secondary anti-
body. The ABC staining kit (Sigma-Aldrich) was used to label
CD3-positive cells in the cell-injected area.

Statistical Analysis

The results are presented as means 6 SEM. Statistical compari-
son was performed with Student’s t test or one-way or two-
way analysis of variance. A probability value of less than .05
was considered statistically significant.

RESULTS

Injection of CB-MNC/HA Improves Myocardial Function
After MI

Immediately after theMI surgery, theMI-treated pigs displayed
significant reduction in LVEF measurements (LVEF: 66.64% 6
0.58% in Sham, 45.93% 6 0.56% in MI+NS, 45.94% 6 0.13%
in MI+HA, 45.10% 6 1.26% in MI+CB-MNC, and 46.25% 6
0.39% in MI+CB-MNC/HA; all p, .001 vs. Sham; Fig. 1A). After
2 months, the LVEF continued to decline in the MI+NS group
(42.87% 6 0.97%; Fig. 1A), whereas the group treated with
CB-MNC alone showed less decrease in LVEF (46.17% 6
0.39% vs. 42.87% 6 0.97, and MI+CB-MNC vs. MI+NS, p ,
.01; Fig. 1A). In contrast, a better result was seen with the group
that was injected with CB-MNC with HA (CB-MNC/HA), because
the LVEF measurement (50.49% 6 0.74%) displayed a better
improvement compared with other treatment groups either 1
or 2 months after MI (Fig. 1A).

The interventricular septum (IVS) systolic and diastolic thick-
ness measurements also indicated that CB-MNC alone did not
show any significant improvement compared with MI+NS group
(Fig. 1B, 1C). However, the group injected with CB-MNC/HA
showed a significant increase in IVS systolic thickness (0.47 6
0.01 cm) compared with both MI+NS (0.41 6 0.02 cm, p , .05)
and MI+CB-MNC (0.41 6 0.01 cm) at 1 month after MI (Fig.
1B). A similar result was also seen at 2 months after MI, when
the MI+CB-MNC/HA group showed an increased IVS systolic
thickness (0.50 6 0.02 cm) when compared with MI+NS
(0.41 6 0.01 cm, p , .001), MI+HA (0.41 6 0.01 cm, p , .001),
and MI+CB-MNC (0.436 0.02 cm, p, .01).

Interestingly, significant improvement in IVS diastolic thick-
ness was only seen with the CB-MNC/HA groups (0.40 6
0.02 cm) at 2 months after MI, as opposed to MI+NS (0.35 6
0.01 cm, p , .001), MI+HA (0.37 6 0.01 cm, p , .001), and
MI+CB-MNC (0.386 0.02 cm, p, .01). These results thus suggest
that the injection of CB-MNC alone into the myocardium pre-
vented myocardial function loss, but the inclusion of HA
(i.e., CB-MNC/HA) provided additional improvement in both
the systolic and diastolic functions.

Injection of CB-MNC/HA Improves the Hemodynamics
After MI

To investigate whether CB-MNC/HA improves heart perfor-
mance compared with other treatment groups, catheterization
was used to measure the cardiac hemodynamics 2 months after
MI. As shown in Figure 2A and 2B, the MI+CB-MNC/HA group
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Figure 2. Injection of CB-MNC/HA improves cardiac systolic and diastolic functions after infarction. (A–D): The +dp/dt (A), 2dp/dt (B),
LVEDP (C), and LVEDV (D) measured by ventricular catheterization at 2 months after infarction. The values are means 6 SEM (n $ 6).
p, p , .05; pp, p , .01; ppp, p , .001 versus MI+NS; +++, p , .001 versus MI+HA; x, p , .05. Abbreviations: CB-MNC, cord blood mononu-
clearcell;+dp/dt, systolic function;2dp/dt,diastolic function;HA,hyaluronan; LVEDP, leftventricularenddiastolicpressure;LVEDV, left ventricular
end diastolic volume; MI, myocardial infarction; NS, normal saline; sec, second.

Figure 1. Injectionof CB-MNC/HA increases interventricular septum thickness after infarction. (A): The LVEFmeasuredpre-MI, immediately after
MI(post-MI),and1and2monthsafterMI. (B,C):Thesystolic anddiastolic interventricularseptumthicknesses.Thevaluesaremeans6SEM(n$6).
p, p, .05; pp, p, .01; ppp, p, .001 versus MI+NS; +, p, .05; ++, p, .01; +++, p, .001 versus MI+HA; x, p, .05; xx, p, .01; xxx, p, .001
versusMI+CB-MNC. Abbreviations: CB-MNC, cord blood mononuclear cell; HA, hyaluronan; IVS, interventricular septum; LVEF, left ventricle
ejection fraction; MI, myocardial infarction; NS, normal saline.
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displayed the greatest +dp/dt and 2dp/dt values in contrast to
other treatment groups (p , .001), although the MI+CB-MNC
group had a significantly better +dp/dt value compared with
the MI+NS group (p , .05). Moreover, the LVEDP and LVEDV
at 2 months after MI were significantly lower in the MI+
CB-MNC/HA group compared with the MI+NS group (Fig. 2C,
2D). Although, the HA-alone and CB-MNC-alone groups also
had decreased LVEDP and LVEDV values, the results were not sta-
tistically significant. According to these data, the cell transplanta-
tion with or without HA improved the systolic function (+dp/dt),
but the improvement in diastolic function was only seen in the
MI+CB-MNC/HA group.

Injection of CB-MNC/HA Decreases Scar Size and
Prevents the Loss of Wall Thickness in the Infarct Area

To further evaluate the therapeutic benefit of delivery of CB-
MNC/HA, the morphology of the myocardium tissue was exam-
ined after the injection (Fig. 3A). The scar area was found to be
significantly reduced at 2 months after MI in both the MI+CB-
MNC andMI+CB-MNC/HA groups, with the latter group showing
the greatest reduction (Fig. 3B). In addition, CB-MNC+HA injec-
tion prevented the loss of wall thickness compared with other
treatment groups (51.83% 6 2.66% in MI+NS, 55.57% 6 4.22%
in MI+HA, 58.60% 6 7.79% in MI+CB-MNC, and 76.29% 6 3.35
inMI+CB-MNC/HA; Fig. 3C). The injections of CB-MNC eitherwith
or without HA minimized the development of fibrosis during the
2-month period post-MI, because both treatments were shown
to significantly attenuate collagen content in the remote area

(7.7% 6 1.1% in MI+CB-MNC and 7.0% 6 0.7% in MI+CB-MNC/
HA; Fig. 4A, 4B) compared with the MI+NS groups (15.2%6 1.1%;
Fig. 4A, 4B). These data indicated that the injection of CB-MNC/HA
not only decreased scar size but also prevented heart dilatation.

Injection of CB-MNC/HA Increases Transplanted
Cell Retention

To examine the contribution of HA in cell retention, the number
of Dil-labeled CB-MNCs remaining at the injected area at
2 months after MI was examined (Fig. 5A). The number of DiI-
positive cells was found to be significantly higher in the CB-
MNC/HA group compared with CB-MNC alone group (158.5 6
22.3 vs. 79.2 6 20.0 DiI+ cell number per mm2, p , .05;
Fig. 5B). A strong signal for human mitochondria was also de-
tected at 2months afterMI (supplemental online Fig. 1), further
indicating that the transplanted cells could survive for at least
2 months after the injection.

Injection of CB-MNC/HA Increases Capillary and
Arteriole Densities in the Peri-Infarct Area

Whether HA with CB-MNC promotes angiogenesis 2 months
after MI was explored. The capillary density was stained for iso-
lectin in the peri-infarct area (Fig. 6A). Injection of the CB-MNC-
only group increased the capillary density comparedwith theMI
+NS and MI+HA groups (Fig. 6B). In contrast, injection of CB-
MNC/HA had the highest increase in capillary density compared
with other treatment groups (MI+NS, p, .001; MI+HA, p, .001;
MI+CB-MNC, p, .05; Fig. 6B).

Figure 3. Injection of CB-MNC/HA decreases scar size and prevents wall dilatation. (A): Representative cross-section images showing the
morphology of the myocardium. (B, C): Statistical analysis of scar area and wall thickness at infarct area. The values are means6 SEM (n $ 6).
p, p , .05; pp, p , .01; ppp, p , .001 versus MI+NS; ++, p , .01; x, p , .05. Abbreviations: CB-MNC, cord blood mononuclear cell; HA,
hyaluronan; MI, myocardial infarction; NS, normal saline.
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The formation of mature vascular structure was also investi-
gated by staining smooth muscle cells in the peri-infarct area
(supplemental online Fig. 2A). The small arteriolar density was
modestly higher in the MI+CB-MNC group compared with the
MI+NS group (supplemental online Fig. 2B). In the MI+CB-MNC/HA
group, small arteriolar density was greater than MI+NS, MI+HA,
and MI+CB-MNC (supplemental online Fig. 2B). Thus, the results
suggest that CB-MNC combined with HA enhanced both angio-
genesis and arteriogenesis and in turn improved the overall
cardiac function.

Transplanted CB-MNCs Differentiate Into Endothelial
Cells but Not Smooth Muscle Cells

The presence of the differentiated human ECs derived from the
transplanted CB-MNCs at the injection area was confirmed by
the double staining for vWF and DiI (Fig. 7A). The differentiation

ratio was measured by counting the vWF and DiI double positive
cells divided by DiI-positive cells at the injury area. The CB-MNC/
HA injection promoted more transplanted cells expressing EC
marker than the MI+CB-MNC group (Fig. 7B). However, the
smooth muscle cell marker SMA and DiI double positive cells
were not markedly detected at the injection area (supplemental
online Fig. 3), suggesting that the transplanted CB-MNCs have
the capability to differentiate into ECs but not SMCs.

DISCUSSION

In the present study, humanCB-MNCswere used alone or in com-
bination with HA hydrogel to treat MI in a minipig model. Al-
though CB-MNC-only injection was able to increase cardiac
systolic function and reduce the scar size, the combined CB-
MNC and HA treatment showed the best results in infarct size re-
duction and improved both systolic and diastolic function. The

Figure 4. Injection of CB-MNC/HA attenuates collagen content at the remote area after infarction. (A): Representative images showing collagen
content in the remote area. (B): Statistical analysis of collagen content at the remote area. The values are means6 SEM (n$ 6). pp, p, .01;
ppp, p , .001 versus MI+NS. Scale bars = 100 mm. Abbreviations: CB-MNC, cord blood mononuclear cell; HA, hyaluronan; MI, myocardial
infarction; NS, normal saline.
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superior cardiac function improvement seen with the combina-
tion treatment might be because the HA hydrogel promotes
higher CB-MNC retention and increases angiogenesis and arterio-
genesis in the injured area. The current findings provide evidence
that a CB-MNC-combined HA strategy may have potential for use
in the clinic.

Cell therapy is a promising approach for treating acute MI.
Several human clinical trials have shown that bone marrow cell
transplantation has a beneficial effect in theMI heart [28–30]. Re-
cently, some groups have reported different results with regard
to the therapeutic efficacy of bonemarrow cells [2, 4, 29]. Various
factors may affect the therapeutic outcome of bone marrow cell
therapy such as different processing and isolation methods and
timing of cell harvest and administration. Even study size, popu-
lation, and end-point selectionmay cause diverse outcomes [31].
Moreover, some chronic diseases, aging, and severe systemic im-
mune response post-MI also act as negative regulators of endog-
enous stem cells [9, 32, 33]. Therefore, a young and healthy
source of stem cells such as human umbilical cord blood cells,
which can be isolated easily and stored before clinical use, may
be a better alternative than dysfunctional bone marrow cells
taken from patients [8, 34].

Previous studies have shown that umbilical cord blood cells
have promising therapeutic effects in several kinds of diseases in-
cluding ischemic heart disease and neonatal hypoxic-ischemic
encephalopathy [35]. CB-MNCs contain many kinds of cell
populations including hematopoietic stem cells, lymphocytes,
monocytes, endothelial progenitor cells, and mesenchymal stem
cells [35]. Each cell population has a different function and plays a

different role in response to myocardium damage. CB-MNCs can
contribute to cell protection and neovascularization in a para-
crine manner by secreting antiapoptotic, anti-inflammatory, and
neovascularization growth factors and cytokines such as basic fi-
broblast growth factor and vascular endothelial growth factor,
which have been found to enhance endothelial cell proliferation
and increase angiogenesis; hepatocyte growth factor, which reg-
ulates smooth muscle cell and pericyte growth; insulin-like
growth factor-1, which has a cardioprotection effect through in-
ducing Akt signaling; interleukin-10, which reduces immune re-
sponse post-MI; and stromal derived factor-1, which acts as
chemoattractant to recruit different cells to participate in cardiac
regeneration [36–41].

Another issue that causes cell therapy failure is low cell reten-
tion rate after cell transplantation in the infarcted heart. Approx-
imately 80% of cells are lost during the first 1–1.5 hours after cell
injection into the myocardium [19]. There are many previously
proposed hydrogel systems, such as using an injectable self-
assembling peptide nanofiber with or without bone marrow
MNCs to create a suitablemicroenvironment for increasing neo-
vascularization and reducing scar size in the infarcted heart or
using an injectable fibrin matrix and PEGylated-fibrinogen
hydrogel combined with bone marrow MNCs or human embry-
onic stem cell-derived cardiomyocytes to promote neovascu-
larization, increase wall thickness and cell graft area, and further
improve cardiac performance [24, 42–44]. Another study that
uses fibrin glue combined with skeletal myoblast also showed
enhancement of arteriogenesis and retention of transplanted
cells after intramyocardial injection [45]. These findings suggest

Figure5. InjectionofCB-MNC/HA improves cell retention2months after infarction. (A):Representative imageof theDiI-positive cells detected
at the injection area. (B): Statistical analysis of the DiI-positive cell retention rates. The values are means 6 SEM (n $ 6). p, p , .05. Scale
bars = 100 mm. Abbreviations: CB-MNC, cord blood mononuclear cell; DiI+, DiI-positive; HA, hyaluronan; MI, myocardial infarction.
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that combination of hydrogel and stem cell may offer a poten-
tial solution for cardiac regeneration. Therefore, in this study,
HA hydrogel combined with CB-MNC was used for the same ap-
proach after acute MI to investigate whether cell retention rate
was improved. HA is a type of extracellular matrix with a rapid
degradation rate (half-life: 15–25 hours) [46]. Although HA de-
graded rapidly, we still found that the cell retention rate was
increased approximately twofold in the CB-MNC and HA com-
bined group. Despite the short half-life of HA in vivo, it has been
shown to benefit the injured heart by reducing scar formation
and increasing cell survival and retention, neovascularization,
and the efficacy of cell therapy in both rat and swine MI models
[27, 46, 47]. In this study, we found that cell retention rate was
increased approximately twofold in the CB-MNC and HA
combined group. Based on previous studies, HA is able to upre-
gulate COX2 signaling through CD44 and Toll-like receptor 4-HA
binding receptors and prevent cardiac myoblast-H9C2 from

ischemia-reperfusion-induced cell death [48–50]. Therefore,
these findings suggest that HA may induce survival signaling
to prevent cell apoptosis even when cells are under hypoxic
stress and thus further benefit the injured heart. In addition,
we observed that the capillary density and arteriole density in
both the CB-MNC alone group and the CB-MNC/HA group were
higher than other experimental groups. Additionally, in our pre-
vious study, we found that HA increased bone marrowMNC dif-
ferentiation into vascular lineage cells and upregulated the gene
expression of some proangiogenesis factors [27].Moreover, hu-
man cord blood cells contain a large number of endothelial cell
precursors [51] and those cells are able to differentiate into
functional endothelial cells [52]. We found that some of the
injected CB-MNCs that were labeled with DiI fluorescence dye
coexpressed von Willebrand factor, a specific marker of ma-
ture endothelial cells. Furthermore, we observed that more in-
jected CB-MNCs became endothelial cells in the CB-MNC/HA

Figure 6. Injection of CB-MNC/HA increases capillary density at the peri-infarct area. (A): Representative images of capillary, isolectin
(green), cardiac troponin I (red), and DAPI (blue). (B): Statistical analysis of capillary density in the peri-infarct area. The values are means6
SEM. p, p, .05, ppp, p, .001 versusMI+NS; +, p, .05, +++, p, .001 versusMI+HA; x, p, .05. Scale bars = 100mm. Abbreviations: CB-MNC,
cord blood mononuclear cell; HA, hyaluronan; MI, myocardial infarction; NS, normal saline.
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combined treatment group. Thus, transplanted human CB-
MNCs with HA promoted angiogenesis and enhanced the dif-
ferentiation of CB-MNCs into endothelial cells in the injured
heart.

Although the combined CB-MNC and HA strategy improved
cardiac performance post-MI, this study had some limitations.
First, although immunosuppression drugs were administered
throughout the whole study, an undetected, residual immune

responsemayhavebeenelicited toward the injectedhuman cells.
We observed some CD3+ T cells infiltrated in the injection area
(supplemental online Fig. 4), a phenomenon that has also been
observed in another study [53]. Second, it is not clear whether
the therapeutic efficacy of this combined treatmentwouldpersist
in chronic MI. Furthermore, the mechanism of action and the
safety of this treatment also require further investigation before
moving this protocol into clinical trials.

Figure 7. HA promotes CB-MNC differentiation into endothelial cells. (A): Representative images of vWF and DiI double positive cells at
the injury area. (B): Statistical analysis of differentiation rate measured at the peri-infarct area. The values are means 6 SEM. p, p , .05.
Scale bars = 100 mm. Abbreviations: CB-MNC, cord blood mononuclear cell; DiI+, DiI-positive; HA, hyaluronan; MI, myocardial infarction;
vWF, von Willebrand factor.
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CONCLUSION

This study provides preclinical evidence that combined injection
of HA and human CB-MNCs post-MI significantly increases cell re-
tention in the peri-infarct area, improves cardiac performance,
and prevents cardiac remodeling. Moreover, using healthy cells
to replace dysfunctional autologous cells may constitute a better
strategy to achieve heart repair and regeneration.
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