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Abstract

In this study, we developed a methodology to improve the survival, vascular differentiation and regenerative potential of
umbilical cord blood (UCB)-derived hematopoietic stem cells (CD34" cells), by co-culturing the stem cells in a 3D fibrin gel
with CD34"-derived endothelial cells (ECs). ECs differentiated from CD34" cells appear to have superior angiogenic
properties to fully differentiated ECs, such as human umbilical vein endothelial cells (HUVECs). Our results indicate that the
pro-survival effect of CD34*-derived ECs on CD34" cells is mediated, at least in part, by bioactive factors released from ECs.
This effect likely involves the secretion of novel cytokines, including interleukin-17 (IL-17) and interleukin-10 (IL-10), and the
activation of the ERK 1/2 pathway in CD34" cells. We also show that the endothelial differentiation of CD34" cells in co-
culture with CD34"-derived ECs is mediated by a combination of soluble and insoluble factors. The regenerative potential of
this co-culture system was demonstrated in a chronic wound diabetic animal model. The co-transplantation of CD34" cells
with CD34"-derived ECs improved the wound healing relatively to controls, by decreasing the inflammatory reaction and
increasing the neovascularization of the wound.
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Introduction

It is estimated that 15% of the diabetic patients have non-
healing foot ulcerations [1,2]. In recent years, there have been
efforts to develop new advanced methodologies to heal chronic
wounds, including the use of topic growth factors or cell-based
therapies [3]. Some of these therapies have been approved by the
Food and Drug Administration (FDA); however, more effective
ways for the treatment of chronic wounds are needed, especially in
diabetic patients [1,4].

Recent data show that healthy adult stem/progenitor cells
improve the healing of diabetic chronic wounds [5]. It has been
shown that peripheral blood-derived CD34" cells, but not CD34"
cells, can accelerate the vascularization and healing of diabetic
wounds [5]. However, the vasculogenic potential of adult blood-
derived cells appears to be reduced by diabetes [5,6]. Recent
studies tried to overcome this issue by using fetal [7] or adult
mesenchymal stem cells [8], yet, the isolation of stem cells from
fetal aorta poses several problems for future clinical application,
while mesenchymal stem cells isolated from diabetic patients might
have impaired properties due to ageing and disease.
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Human umbilical cord blood (UCB) can be a potential source of
healthy endothelial progenitor cells for the healing of chronic
wounds in diabetic patients. These cells are obtained non-
invasively, can be stored for more than 15 years without loosing
biological properties, and they have low immunogenicity, which
makes them an interesting candidate for allogeneic transplantation
[9,10]. Improvement in wound healing has been reported recently
in two human non-diabetic patients who received topically UCB-
derived CD34" cells in a fibrin gel [11], although the underlying
regenerative mechanism has not be determined. Despite this
potential, human umbilical cord blood stem cells have not been
used for wound healing in diabetic patients, whose healing process
is impaired or even inexistent.

In the present study, we investigated the use of UCB-derived
CD34" cells to promote the healing of diabetic wounds when
administered topically in a fibrin gel. To enhance the therapeutic
effect of CD34" cells, they were co-cultured with endothelial cells
(ECs) derived from CD34" cells. In vitro data show that CD34"
-derived ECs co-cultured with CD34" cells improve cell survival
and contribute to the differentiation of GD34" cells into ECs. We
further show that the co-culture system, but not CD34" cells or

January 2011 | Volume 6 | Issue 1 | e16114



CD34*-derived ECs alone, can improve the healing kinetics in a
diabetic animal model. The regenerative effect is mediated by both
anti-inflammatory and pro-angiogenic processes. We anticipate
that this co-culture approach might be used in other contexts to
enhance the efficacy of stem cells.

Materials and Methods

An expanded Materials and Methods section is provided in the
online data supplement (Material and Methods S1).

Isolation of CD34" cells from UCB

All human umbilical cord blood samples were collected from
donors, who signed an informed consent form, in compliance with
Portuguese legislation. The collection was approved by the ethical
committee of Hospital Infante D. Pedro. The samples were stored
in sterile bags containing 35 mL of citrate-phosphate-dextrose
anticoagulant solution. CD34" cells were isolated from mononu-
clear cells, obtained from UCB samples after Ficoll (Histopaque-
1077 Hybri Max; Sigma-Aldrich, St. Louis, USA) density gradient
separation. CD34" cells were positively selected (2 times) using the
mini-MACS immunomagnetic separation system (Miltenyi Biotec,
Bergisch Gladbach, Germany, http://www.miltenyibiotec.com),
according to the manufacturer’s recommendations. CD34" cells
were immediately used for cell encapsulation studies or i vivo
experiments without further treatment.

Differentiation of CD34" cells into ECs

Isolated CD34" cells were transferred onto 1% (w/v) gelatin-
coated 24-well plates (2x10° cells/well) and incubated in
endothelial growth medium (EGM-2; Lonza, Gaithersburg, MD,
USA) with 20% (v/v) fetal bovine serum (FBS; Invitrogen,
Carlsbad, USA) and 50 ng/mL vascular endothelial growth factor
(VEGF 45, PrepoTech Inc., Rocky Hill, USA), at 5% CO,, 37°C.
After 5 days and then every other day, half of the volume of the
medium was replaced with fresh one. At the end of the
differentiation assay, expression of EC markers was evaluated by
fluorescence-activated cell sorting (FACS) and immunofluores-
cence staining. The functionality of the cells was evaluated by
incubating the cells with acetylated low-density lipoprotein (Dil-
Ac-LDL; Biomedical Technologies, Stroughton, USA).

Cell encapsulation in fibrin gels

The fibrin gel preparation procedure can be found in the online
data supplement (Material and Methods S1). CD34" cells
(between 0.5x10° and 3x10°), CD34" cells (1 x10%) in co-culture
with CD34*-derived ECs (0.35x10%), CD34%-derived ECs
(0.35)(105) or human umbilical vein endothelial cells (HUVECs)
(Lonza) (0.35x10°) were encapsulated in fibrin gels (50 pL). Cells
were centrifuged and ressuspended in the fibrin gel precursor
solution, in 1 mL sterile syringes with cut tips. Polymerization was
initiated at 37°C and allowed to proceed over 30 min. After
polymerization, the cell constructs were removed from the syringe
and placed in 24-well plates containing specific medium (see below
for details), for up to 10 days. Viability and metabolic activity of
encapsulated cells were evaluated according to methodologies
described in the online data supplement (Material and
Methods S1).

Cell characterization

Detailed protocols for FACS, immunostaining and quantitative
transcription-polymerase chain reaction (qRT-PCR)
analysis are presented in the online supplement Material and
Methods S1 and primer sequences on Table S1.

reverse
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Cytokine secretion analyses

Cell culture supernatants and protein lysates were evaluated for
the presence of cytokines using a Bio-Plex Pro Human Cytokine
17-Plex Panel Assay or a Bio-Plex Pro Mouse Cytokine 8-Plex
Assay, respectively (both from Bio-Rad, Hercules, CA, USA),
according to manufacturer’s instructions, and further described in
the online supplement.

Analysis of total and phosphorylated Akt and ERK protein
levels

Activation of Akt and extracellular signal-regulated kinase
(ERK) in CD34" cells and CD34"-derived ECs was promoted by
starving the cells for 19 h in serum-free M199 medium (with
Earle’s Salts and L-glutamine; Sigma-Aldrich) and then treating
them for 10 min, by replacing the medium by fresh M 199 or cell-
conditioned M199. Following treatment, proteins were isolated
from the cells, and the levels of Akt and ERK phosphorylation
determined using Bio-Plex kits from Bio-Rad, according to
manufacturer’s instructions.

CD34" cell adhesion to different substrates

A 24-well plate was coated with several substrates, including
fibrin gel (500 pL per well), collagen type I gel (500 pL per well,
from a solution of 2.5 mg/mL rat tail collagen I; BD Biosciences
Pharmingen, San Jose, CA, USA), or fibronectin (Roche Applied
Science, Mannheim, Germany) [50 ug/mL, in Phosphate Buffer
Saline (PBS; Sigma-Aldrich)]. CD34" cells labeled with 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester (CFSE) (Sigma-
Aldrich) and suspended in EGM-2 medium (1x10°/mL) were
seeded on the coated or uncoated (polystyrene) wells and
incubated for 3 h at 37°C. After this time, the culture medium
was removed and the cells attached to the wells washed twice with
PBS. Attached cells were then counted after photographing six
random microscope fields (X200 magnification) for each replicate.

CD34" cell adhesion and differentiation on top of fibrin
gels

Fibrin gel precursor solution (500 pL per well) was added to a 24-
well plate and allowed to polymerize. For the adhesion assay, CFSE-
labeled CD34™ cells (1 x10°, unless otherwise stated) were seeded on
top of a fibrin gel and cultured in EGM-2 medium, either alone or
in co-culture with CD34*-derived ECs (0.35x10°), or in CD34*-
derived EC conditioned medium. The conditioned medium was
obtained by culturing CD34"-derived ECs in EGM-2 medium for
48 h, at a density of 0.75 x 10 cells per mL (24-well plate), removing
the medium and sterilizing it by filtration. The number of adherent
CD34" cells was determined in a phase-contrast microscope or in a
fluorescence microscope after 7 days of culture, following the
removal of the non-adherent cells, by washing with PBS. The
differentiation potential of CD34™ cells (1 x10%) on top of fibrin gels
was assessed in similar conditions. After 7 days, the ability of the
CD34" cells to uptake Dil-Ac-LDL was determined by fluorescence
microscopy and compared to the initial level of uptake of Dil-Ac-
LDL by CD34" cells immediately following their isolation.

In vivo experiments

Animal protocols (see online data for further details) were
approved by the Ethics Committee of the Faculty of Medicine of
the University of Coimbra (ID 2008/001). Diabetes mellitus was
induced by intraperitoneal injection of streptozotocin (Sigma-
Aldrich) in male C57BL/6 mice (10-12 week-old), purchased from
Charles River (Wilmington, MA, USA). Only animals with glucose
levels greater than 300 mg/dL were used in this study.

January 2011 | Volume 6 | Issue 1 | e16114



Six to eight weeks following diabetes induction, the animals
were anesthetized, the dorsolumbar skin shaved and disinfected
and two 6 mm-diameter dorsal full-thickness excisional wounds
were created with a sterile biopsy punch in each animal. The
wounds were then covered with 25 pl. PBS, 25 uL fibrin gel
alone, or 25 pl. fibrin gel precursor solution containing 1x10°
human umbilical cord blood CD34" cells (unless otherwise stated),
either alone or in combination with 0.35x10° CD34"-derived
ECs. All cells had been previously labeled with CFSE. After
surgery, the animals were maintained in individual cages with food
and water ad libitum and in a temperature and humidity-controlled
environment. The rate of wound closure was determined over ten
days. At the end of the study, animals were sacrificed by cervical
dislocation and 10 mm-diameter skin biopsies analyzed by R'T-
PCR, immunofluorescence or Bio-Plex Pro Mouse Cytokine 8-
Plex Assay.

Statistical analysis

For analysis involving three or more groups, ANOVA was used,
followed by a Student-Newman-Keuls post hoc test. For analysis of
two groups, a paired #test was used. Statistical analysis was
performed using GraphPad Prism software (San Diego, CA, USA,
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http://www.graphpad.com/). Results were considered significant
when P=0.05.

Results

Differentiation of UCB-derived CD34" cells into ECs

Results obtained by immunocytochemistry show that undiffer-
entiated CD34" cells express high levels of CD34 (100%) and
CD31 markers (85.4%17.0%, n=8), incorporate moderate levels
of Ac-LDL (12.8+10.4%, n=13) and show no expression of the
definitive endothelial marker vVWF (Fig. 1A). FACS analyses
confirm their high expression of CD34 and CD31 markers, high
expression of CD45, a typical marker of hematopoietic cells, and
no expression of Flk-1/KDR and CDI4 (a marker mainly
expressed by macrophages) (Fig. 1B). Similarly, no vWF
expression and high CD34 expression were observed at gene level
(Fig. 2B). Therefore, the UCB-derived CD34" population used in
this work is CD34"CD45"CD31"KDR ™ vWF CD14".

To differentiate CD34" cells into ECs, we cultured CD34" cells
(100,000 cells per em?) in gelatin-coated dishes in EGM-2 medium
with 20% (v/v) of FBS and 50 ng/mL of VEGF¢5. Typically after
15-20 days of culture, CD34" cells attached to the culture dish with a
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Figure 1. Protein expression in undifferentiated CD34" cells and their endothelial progenies. A) Immunofluorescence results for
undifferentiated CD34™ cells. Bar corresponds to 20 um. B, C) FACS analysis of (B) undifferentiated CD34™" cells and (C) CD34*-derived ECs at passage 1
(1% P) and 3 (3™ P). Percentages of positive cells were calculated based on the isotype controls (grey plot) and are shown in the histogram plots.

doi:10.1371/journal.pone.0016114.g001
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Figure 2. Characterization of CD34"-derived ECs. A) Immunofluorescence analysis. Bar corresponds to 40 um. B) Quantitative RT-PCR analysis.
Results are average = SD, n=4. C) Quantification of cord length and number of sprouts at 15 h and 48 h. Counts were performed using a
magnification of x100. Results are average * SD, n=3. ¥, ** *** denote statistical significance (P<0.05, P<0.01, P<<0.001, respectively).

doi:10.1371/journal.pone.0016114.9g002

cobblestone-like morphology and expressed high levels of EC
markers, including CD31, CD34 and Flk-1/KDR over time
(Fig. 1C). In addition, differentiated GD34" cells stained positively
for CD31 and VE-cadherin at cell-cell adherent junctions, produced
vWIF and were able to incorporate Ac-LDL (Fig. 2A), typical markers
found in ECs (Fig. S1). In line with the EC phenotype, these cells do
not express o-SMA, a smooth muscle cell marker (Fig. 2A).

Quantitative RT-PCR (qRT-PCR) analyses showed that
CD34*-derived ECs express the EC markers CD34 and vWF
and produce angiogenic growth factors including VEGF, PIGF
and bIFGF (Fig. 2B). The expression of PIGF growth factor is
higher on CD34"-derived ECs than on CD34" cells, while the
opposite was observed for bFGF. In addition, qRT-PCR results
show that the expression of angiogenic growth factors is higher on
CD34"-derived ECs than on HUVECs.
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The ability of CD34*-derived ECs to form cord-like structures
was also assessed by culturing these cells in the basement
membrane Matrigel. Similarly to HUVECs, CD34*-derived ECs
were able to spontaneously reorganize into cord-like structures
when maintained in culture for 15h (Fig. S2). Yet, the
angiogenesis potential of CD34"-derived ECs is higher than that
of HUVEGs, as confirmed by the higher number of sprouts and
network length (Fig. 2C).

Fibrin gels as three-dimensional scaffolds for CD34" and
CD34"-derived ECs

Fibrin has been shown to provide a permissive environment for
endothelial cell adhesion, migration and three-dimensional
organization [12,13]. However, it is unclear whether fibrin gels
might be an effective substrate for CD34" cell adhesion. For this
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purpose, CD34" cells were plated on 24-well plates coated with
fibrin gels or different substrates and cell adhesion evaluated by
microscopy, by counting the cells attached after 3 h. CD34" cells
demonstrated greater initial adhesion to fibrin gels than to
polystyrene dishes, collagen and fibronectin (Fig. 3). The number
of CD34" cells adherent to fibrin was 2.0- (P<0.05), 4.0- (P<0.01)
and 3.0-fold (P<<0.01) greater than to collagen, polystyrene and
fibronectin, respectively.

Next, we used fibrin gels to encapsulate CD34" cells. Initially,
we studied the effect of cell number to gel volume for optimal cell
survival. Cell viability did not change significantly after 10 days for
the different cell densities tested (Fig. 83). Therefore, 100,000
CD34" cells per 50 pL of fibrin gel were used in subsequent tests.
Fibrin gels resist the degradation initiated by the metalloprotease
enzymes released by CD34" cells, or CD34*-derived ECs (35,000
cells), or the co-culture of CD34" cells with CD34"-derived ECs
(100,000: 35,000 cells, respectively) for 10 days (Fig. S4).
Furthermore, cell traction does not reduce significantly the gel
diameter over time in all the experimental groups (Fig. $4).

Cell survival is improved by co-culturing CD34" cells with
CD34"-derived ECs

CD34" cells encapsulated in fibrin gels have a viability of 60-70%
at day 2 and day 10, statistically lower (n =6, P<<0.001) than the one
observed for CD34"-derived ECs (Fig. 4A). An MTT assay was
used to determine the metabolic activity of cells encapsulated in the
gels (Fig. 4B). The metabolic activity of CD34" cells at day 10 was
approximately 90% of the initial activity (day 2), suggesting that cells
were in a non-proliferative state.

Quantitative LIVE/DEAD and MTT analyses indicate a
significant increase in cell viability and proliferation for CD34*
cells co-cultured with CD34*-derived ECs (n=6, P<0.01 or
P<0.001) (Figs. 4A and 4B). This effect was observed for days 6
and 10, although more pronounced at day 10, in terms of
metabolic activity. In contrast, HUVECs did not affect the
viability of CD34" cells (n=6, P>0.05) (Fig. 4C), indicating that
the pro-survival effect is specifically mediated by CD34"-derived
ECs. Importantly, addition of CD34"-derived EC-conditioned
medium to cell constructs formed by CD34" cells resulted in a
significant increase in cell viability (z=6, P<0.001) (Fig. 4C).

400
350 hE

e de

Fibrin Collagen Polystyrene Fibronectin

Figure 3. Adhesion of CD34" cells to different substrates. CD34"
cells were seeded on 24-well plates coated with fibrin gel, type |
collagen gel (2.5 mg/mL) and fibronectin (50 ug/mL), and incubated for
3 h at 37°C. Polystyrene culture wells were used as control. After that
time, the cells were washed and the attached ones were counted in six
random microscope fields (x200 magnification) for each replicate.
Results are average = SD, n=6. * and ** denote statistical significance
(P<<0.05 and P<0.01, respectively).
doi:10.1371/journal.pone.0016114.g003
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These results suggest that the pro-survival effect of CD34"-derived
ECs on CD34" cells is mediated, at least in part, by bioactive
factors released from the ECs.

Phosphoinositide-3 kinase (PI3K)/Akt and mitogen activated
protein kinase (MAPK)/extracellular signal regulated kinase 1/2
(ERK 1/2) pathways regulate several cellular processes, including
cell survival [14,15]. Therefore, we analyzed the activation of Akt
and ERK pathways on CD34" cells or CD34"-derived ECs
cultured in serum free-medium for 19 h and then treated with EC
or CD34% cell-conditioned medium, respectively. The ratios
between phosphorylated and total proteins were determined by
a Multiplex assay (Fig. 4D). Interestingly, the ERK but not the
Akt pathway is activated in CD34" cells by EC-conditioned
medium. Therefore, the pro-survival effect of EC-conditioned
medium in CD34" cells seems to be mediated by the activation of
the ERK pathway. On the other hand, no significant activation
has been observed for ERK and Akt pathways in ECs by CD34*-
conditioned medium, as compared to the control.

To understand the crosstalk between both cells, we analysed the
cytokines secreted by CD34" cells, CD34*-derived ECs, or both
cells encapsulated in fibrin gels, using a cytokine bead array
(Fig. 5). CD34"-derived ECs encapsulated in fibrin gels secrete
high levels (>100 pg/mL) of IL-6, IL-8, IL-13 and monocyte
chemotactic activating factor (MCAF) (Fig. 5A). On the other
hand, CD34" cells encapsulated in fibrin gels secrete high levels
(>100 pg/mL) of IL-8, IL-13 and MCAF (Fig. 5B). Importantly,
when both cells are encapsulated together in fibrin gels, they
secrete high levels of the previous cytokines (IL-6, IL-8, IL-13 and
MCAF) and two additional cytokines, IL-10 and IL-17 (Fig. 5C).
These results confirm the existence of a crosstalk between CD34*-

derived ECs and CD34" cells.

CD34" cell adhesion to fibrin gels is enhanced in the
presence of CD34"-derived ECs or EC-conditioned
medium

To investigate the effect of the co-culture system in supporting
CD34" cell adhesion, isolated CD34" cells (100,000 cells/well)
were cultured on top of fibrin gels (i) in the presence of CD34*-
derived ECs (35,000 cells/well), (ii) in the absence of ECs, or (iii) in
the absence of ECs but in the presence of EC-conditioned
medium. To ascertain that any difference in adhesion that might
be noticed in the co-culture condition would be due to the
presence of ECs and not to cell number, 135,000 CD34™ cells were
also cultured alone. After 7 days in culture, the non-adherent cells
were removed by washing and the adherent cells were counted by
phase-contrast microscopy. 5.5%10.4% (n=17), 5.8%3.3%
(n=23), 22.4%£209% (n=15) and 44.2%33.2% (n=18) of
CD34" cells were attached to the gel when cultured in the
absence of ECs (initial 100,000 and 135,000 CD34" cells), in the
presence of ECs, or in the absence of ECs but in the presence of
EC-conditioned medium, respectively (Fig. S5). CD34" cell
adhesion was low when cells were cultured alone, regardless of
initial cell number. The differences in CD34" cell recovery cannot
be explained by differences in cell apoptosis/necrosis, since only a
small fraction (below 10%) of the cells are affected by those
(Fig. 6A). However, cell apoptosis and necrosis are significantly
discouraged (P<0.05) when the cells are cultured in EC-
conditioned medium rather than basal medium.

CD34" cell differentiation into ECs is enhanced in the
presence of CD34"-derived ECs

Next, we assessed the potential of the co-culture system to
support CD34" cell differentiation into ECs. For that purpose,
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doi:10.1371/journal.pone.0016114.g004

CD34" cells (100,000 cells/well) were cultured on top of fibrin gels
(i) in the presence of CD34"-derived ECs (35,000 cells/well), (i) in
the absence of ECs, or (ii1) in the absence of ECs but in the
presence of EC-conditioned medium. After 7 days in culture, the
ability of the cells to take up Ac-LDL, an endothelial marker, was
evaluated by fluorescence microscopy (Fig. 6B). Uptake of Dil-
labeled Ac-LDL increased from 12% on isolated CD34" cells to
70% after differentiation in the presence of CD34"-derived ECs
(P<<0.001). A non-statistically significant increase was observed for
Ac-LDL uptake on CD34" cells cultured on fibrin without cells
(basal medium, 7 days), compared to original CD34" cells (time
zero). Therefore, the results indicate that CD34" cell differenti-
ation into ECs is significantly improved in the presence of CD34*-
derived ECs. Because no statistical increase in Ac-LDL uptake was
observed for CD34" cells cultured in EC-conditioned medium, the
endothelial differentiation of CD34" cells is mediated by additional
factors to the ones secreted by the CD34*-derived ECs.

We also evaluated by qRT-PCR the differentiation of CD34*
cells in co-culture with ECs and encapsulated in fibrin gels for 10
days (Fig. 6C). The expression of EC markers (VWF and CD34)
was similar or higher than for ECs or CD34" cells encapsulated in
fibrin gels, indicating that most of the cells in the gels express
endothelial markers.

@ PLoS ONE | www.plosone.org

Co-transplantation of CD34" cells with CD34*-derived
ECs improves wound healing in diabetic mice

The therapeutic effect of our tissue engineering approach was
further evaluated in a chronic wound animal model. Wounds were
created at the anterior and posterior dorsal regions of streptozot-
ocin-induced diabetic mice. One of the wounds was covered with
fibrin gel alone or PBS to serve as internal control, whereas the
other wound was covered with gel containing 1x10° CD34" cells,
or 0.35x10° CD34"-derived ECs, or 1x10” CD34" cells with
0.35x10° CD34*-derived ECs. At day 3 post-wounding, the
wound area was statistically lower in wounds treated with the gel
containing a co-culture of CD34" cells with ECs compared to
wounds treated with PBS (P<0.05, »=6), indicating improved
closure kinetics (Fig. 7A). No statistical difference was observed for
the remaining experimental groups against the control (£>0.03,
n="6). To ascertain that the significant area reduction observed in
wounds treated with a co-culture of both cell types in fibrin gel was
due to the presence of the two different cell types, rather than to
cell number, some wounds were treated with 1.35x10° CD34"
cells encapsulated in fibrin gels. No statistically significant wound
area reduction against the control was observed for this
experimental condition (Fig. 86). At day 10, although not
statistically different, wounds treated with the gel containing the
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co-culture of cells showed a greater area reduction compared to
wounds treated with PBS. Such differences between the
experimental group and control group were not observed for the
remaining groups. At this stage, the wound healing in all
experimental groups was characterized by reepithelialization,
dermal cellular infiltration and formation of granulation tissue

(Fig. S7).

@ PLoS ONE | www.plosone.org

We next evaluated the survival of the transplanted cells using a
non-invasive real time fluorescence imaging (CellVizio). At day 3,
cell survival was low (8.9%11.7%, n=4) in wounds treated with a
co-culture of CD34" and CD34*-derived ECs. At day 10, qRT-
PCR analyses of excised wounds showed the absence of human
cells (data not shown). This suggests that the therapeutic effect of
the cell co-culture is likely produced at the early phases of the
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healing process and therefore the therapeutic benefit of stem cells
was not examined for a longer period of time.

Co-transplantation of CD34" cells with CD34"-derived
ECs increases early neovascularization and decreases
inflammatory processes

Because stem cells and progenies can contribute for the
regeneration of the tissues through neovascularization, we assessed
the capillary density by immunofluorescence using vWF as a
vascular marker, at days 3 and 10 (Figs. 7B and 7C). At day 3, a
significant increase in the density of microvessels was observed for
the experimental groups containing stem cells relatively to the
group of the gel alone (P<<0.001). This indicates that part of the
regenerative effect might be mediated through a neovasculariza-
tion process. Although the microvessel density increased in all
experimental groups at day 10, the difference between those of
cell-treated wounds and controls attenuated with time (from 3 to
10 days), in line with observations from other studies of wound
regeneration with stem cells [7].

The regenerative effect of stem cells and their progenies might
be also mediated by a reduction of inflammation at the wound site.
Therefore, the expression of inflammatory markers was assessed
by qRT-PCR at day 3 post-wounding. Myeloperoxidase (MPO),

@ PLoS ONE | www.plosone.org

CD3e and tumor necrosis factor-alpha (T'NF-o0) are markers for
the presence of neutrophils, T cells and inflammatory cytokines,
respectively. Although not statistically significant (P>0.05, n=9),
the inflammatory reaction (considering all three markers) in the
wounds treated with gel containing a co-culture of CD34" cells
and CD34"-derived ECs (Fig. $8) was reduced compared to the
control, 1.e. wounds treated with the gel alone. This effect was
further confirmed at protein level, by a multiplex assay (Fig. 7D).
In line with previous studies [16], IL-1f, TNF-o, IL-6 and GM-
CSF are expressed in all experimental groups at early stages
during the healing process. However, the secretion of TNF-o was
statistically (P<<0.05) higher in wounds with gel alone than in
wounds treated with gel encapsulating CD34" and CD34"-derived
ECs or CD34" cells alone (Fig. 7D). These results indicate that
stem cells and their progenies are able to attenuate the
inflammatory process at the site of injury, contributing to the
healing progression.

Discussion

This work reports a methodology to improve the survival,
vascular differentiation and regenerative potential of UCB-derived
stem cells. The methodology is based on three components that
can be isolated or derived from UCB: hematopoietic stem cells
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(CD34" cells), CD34*-derived ECs to improve stem cell survival
and coach their differentiation into vascular cells, and fibrin gel to
retain both cells at the implant site. We show that diabetic chronic
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wounds treated with a combination of both types of cells
encapsulated in a fibrin gel have improved healing compared to
wounds treated with gel containing only stem cells.
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Our results indicate that fibrin gels support higher CD34" cell
adhesion than collagen gels, fibronectin or
polystyrene. Fibrin gels obtained by the crosslinking of fibrinogen
by thrombin, two plasma-derived components [17], have RGD
and AGDV sites through which they can interact with cell
integrins. Our findings agree with previous studies showing that
fibrin-containing thrombi provide local cues for initial adhesion of
peripheral blood-derived CD34" cells [18].

ECs differentiated from UCB-derived CD34" cells have superior
angiogenic properties than primary ECs (HUVEGs). This is
confirmed by their ability to secrete higher levels of angiogenic
factors, including VEGF, PIGF and bFGF, and to produce a higher
number of sprouts and larger network in Matrigel (Fig. 2). This
scems to be specific for ECs derived from cord blood, since
peripheral blood-derived human endothelial progenitor cells have
angiogenic properties similar to HUVEGCs [19].

When both CD34" cells and CD34%-derived ECs are
encapsulated in fibrin gels, they crosstalk, as confirmed by the
secretion of specific cytokines. CD34"-derived ECs encapsulated
alone in fibrin gels secreted high levels of IL-6, IL-8, IL-13 and
MCAF, while CD34" cells encapsulated alone in fibrin gels
produced high levels of IL-8, IL-13 and MCAF. The secretion
profile of CD34" cells is consistent with previous studies [20,21].
When both types of cells were concurrently encapsulated in fibrin
gels, they secreted two novel cytokines, cytokine IL-17 and IL-10,
in addition to the ones secreted by each type of cell. IL-17 is a
cytokine that has been reported to be produced by T lymphocytes
and monocytes [22] and thus it is likely secreted by CD34" cells,
acting subsequently in ECs [23]. This is because human vascular
ECs, but not CD34" cells, express the 11.-17 receptor (IL-17 R)
[24]. The binding of IL-17 in ECs stimulates the production of IL-
6, IL-8, transforming growth factor B (TGF-B) and MCAF and
stimulates EC migration and tube formation [25]. IL-10 is a
cytokine produced by various cell populations, including CD34*
cells and ECs [26]. IL-10 activity is mediated by its interaction
with the IL-10 receptor, expressed on a variety of cells, including
CD34" cells and ECs [27]. In our study, it is unclear whether IL-
10 was secreted by CD34" cells or CD34"-derived ECs and
whether IL-10 is acting on either both cells or only one type of
cells. Importantly, it has been reported that IL-10 increases Bcl-2
expression and survival in CD34" cells [28].

In this study, we show that the adhesion, viability, proliferation
and vascular differentiation of CD34" cells in fibrin gels are
improved by co-culturing these cells with CD34"-derived ECs.
Importantly, the pro-survival effect is specific for CD34*-derived
ECs, since primary ECs (HUVECGs) have no such effect. Our
results also indicate that CD34" cell survival, proliferation and
adhesion to fibrin gels are mediated by biomolecules secreted by
CD34*-derived ECs, since conditioned medium collected from
these cells has similar inductive effects. However, CD34" cell
differentiation into ECs requires additional factors to the ones
secreted by ECs, since CD34"-derived EC-conditioned medium
alone does not improve CD34" cell differentiation.

The improved adhesion and viability of CD34" cells in the
presence of CD34"-derived ECs is likely mediated by growth
factors and cytokines. VEGYF [29], IL-3 [30], IGF-I [31] and IL-10
[28] have been reported to be involved in the survival of CD34*
cells. We show that VEGT is highly expressed at gene level both in
CD34" cells and in CD34*-derived ECs encapsulated in fibrin gels
(Fig. 7), and thus might account for the improved survival of
CD34" cells. Another factor that might contribute to the survival
of CD34" cells is IL-10 (see above). Our study also indicates that
the improved adhesion of CD34" cells in the presence of ECs is
mediated by soluble factors. It has been shown that binding of

tissue culture
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soluble P-selectin, expressed by ECs, to P-selectin glycoprotein
ligand-1 (PSGL-1), expressed by CD34" cells, activates cellular
adhesion molecules on CD34" cells, particularly ovB5 integrins
[18]. The expression of these integrins favors the adhesion to
fibrinogen [18]. A similar mechanism might explain the improved
cellular adhesion in our co-culture system.

Our i vitro results show that the ERK, but not the Akt pathway, is
activated in starved CD34% cells treated with EC-conditioned
medium. Therefore, a likely mechanism for CD34" cell protection
mediated by ECs is via activation of ERK. This finding is in line with
recent data showing that transient activation of the ERK signaling
pathway results in the survival and expansion of CD34" cells [32].

CD34*-derived ECs, but not medium conditioned by these cells,
rapidly induce the differentiation of CD34" cells into ECs. CD34"
cells cultured for 7 days in the presence of CD34"-derived ECs are
able to uptake Dil-labeled Ac-LDL (70% of the cells), a functional
feature of ECs. These results suggest an early involvement of cell-
cell interactions or extracellular matrix synthesized by ECs in the
induction of vascular differentiation. Yet, the induction mechanism
is still unknown. Interestingly, induction of vascular differentiation
by extracellular matrix produced by ECs has been described
recently for mesenchymal stem cells [33].

Diabetic ulcers are difficult to heal and innovative treatments to
enhance wound healing and regeneration are needed [4]. One of
the treatments being pursued involves the application of stem cells,
relying on the assumption that topical application of stem cells
modulates the healing response. Few studies have demonstrated
the therapeutic benefit of stem cells in diabetic ulcers [7,8]. Bone
marrow-derived mesenchymal stem cells have been reported to
enhance wound healing in diabetic mice, associated with increased
angiogenesis [8]. This effect is mediated by factors secreted by
these cells, including epidermal growth factor, keratinocyte growth
factor, VEGF, bFGF, IL-6 and MCP-1 [34]. A similar paracrine
effect has been documented recently for fetal progenitor cells
(CD133" cells) administered topically to diabetic wounds [7]. Tt
was shown that stem cell released factors (e.g. VEGF and IL-8)
stimulate angiogenesis and activate Wnt signaling, promoting the
healing of diabetic ischemic ulcers.

The therapeutic effect of CD34" cells or the combination of
CD34" cells with CD34"-derived ECs was tested in streptozotocin-
induced diabetic mice which have previously been used to study
the effect of allogeneic cell-based therapies on diabetic wound
healing without immunosuppressant [7]. Although C57BL/6 mice
are not immunocompromised, studies have demonstrated that
human umbilical cord cells may be administered to other species
for therapeutic benefit, in the absence of immune suppression,
with low cross-species reactivity [35,36]. In one case, cells have
survived for 1 month after allogeneic transplantation [10] likely
due to their immunological immaturity.

Importantly, no study to date has documented the regenerative
potential of UCB-derived CD34" cells in the context of diabetic
wounds. Here, we show that the transplantation of CD34" cells
together with CD34*-derived ECs, but not CD34" cells or CD34*-
derived ECs alone, in fibrin gels enhances wound healing,
compared to wounds covered with gel alone or PBS. A substantial
fraction of cells (more than 90%) died over a 3-day period. This is
in line with other studies showing a dramatic decline of stem cells
at the injury site [7,37]. Even so, a therapeutic benefit was
observed over the 10 day period in our study, likely due to factors
secreted by both cells, which increased neovascularization and
decreased the inflammatory reaction. As noted before, cytokines
IL-10 and IL-17 are only secreted when both cells are co-cultured.
IL-10 is a potent immunosuppressant of monocyte/macrophage
functions, inhibiting the production of pro-inflammatory cytokines
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[38]. We attempted to quantify human IL-10, IL-17 and other
cytokines (IL-6, IL-8, MCF, among others) in the biopsies of
wounds treated with the co-culture system for 3 days; however, the
levels of all human cytokines were below the sensitivity of the
Multiplex assay. The dilution effect of the human cytokines by the
mouse proteins as well as the low survival of the cells at day 3 may
explain the low levels of cytokines. Finally, our Multiplex results
also indicate that the level of TNF-a., a pro-inflammatory cytokine,
was lower for wounds treated with CD34" cells and ECs, or only
CD34" cells encapsulated in fibrin gel.

Collectively, our data show that the therapeutic potential of
hematopoietic stem cells derived from cord blood is enhanced
when they are co-cultured with their vascular progenies. The
crosstalk between hematopoietic stem cells and vascular cells is
beneficial for their adhesion, survival, differentiation and thera-
peutic effect. To improve the therapeutic benefit of the cell co-
culture, multiple applications, rather than a single application of
the cells encapsulated in fibrin gel, could be performed. Further
studies are needed to address the potential of this approach. We
postulate that this co-culture system may have potential thera-
peutic applications, not only in chronic wounds, but also in other
vascular and ischemic problems.

Supporting Information

Figure S1 Characterization of HUVECs by immunoflu-
orescence. Cells express high levels of CD31, vWF and VE-
CAD, low levels of CD34, have the ability to uptake Ac-LDL and
do not express typical smooth muscle cell markers such as a-SMA
and SM-MHC. Bar corresponds to 20 pm.

(TIFF)

Figure S2 Ability of vascular cells to form networks in
Matrigel. CD34"-derived ECs as well as HUVECs form cords
when seeded in Matrigel for 48 h. Bar corresponds to 40 um.
(TIFF)

Figure S3 Effect of cell number on the gel contraction
and in the viability of CD34" cells encapsulated in fibrin
gels. A) Variation of gel diameter over time for constructs having
a defined number of CD34" cells. For all experimental groups, low
gel contraction is observed after 10 days. B) Viability of
encapsulated CGD34" cells, as assessed by a LIVE/DEAD assay.
The assay was performed at days 2, 6 and 10. Cell viability is
affected by the number of cells encapsulated in the gel. Results are
average * SD, n=13 (3 readings per construct).

(TIFF)

Figure S4 Degradation of fibrin gels containing cells. A)
Degradation of fluorescently-labeled fibrin gels containing 1x10°
CD34" cells, or 0.35%10° CD34"-derived ECs, or a co-culture of
both cells at these numbers. Low degradation of fibrin gels is
observed for all experimental groups. B) Variation of gel diameter
over time. Low gel contraction is observed after 10 days. Results

References

1. Pradhan L, Nabzdyk C, Andersen ND, LoGerfo FW, Veves A (2009)
Inflammation and neuropeptides: the connection in diabetic wound healing.
Expert Rev Mol Med 11: e2.

2. Boulton AJ, Vileikyte L, Ragnarson-Tennvall G, Apelqvist J (2005) The global
burden of diabetic foot disease. Lancet 366: 1719-1724.

3. Cha J, Falanga V (2007) Stem cells in cutaneous wound healing. Clin Dermatol
25: 73-78.

4. Falanga V (2005) Wound healing and its impairment in the diabetic foot. Lancet
366: 1736-1743.

5. Sivan-Loukianova E, Awad OA, Stepanovic V, Bickenbach J, Schatteman GC
(2003) CD34+ blood cells accelerate vascularization and healing of diabetic
mouse skin wounds. ] Vasc Res 40: 368-377.

@ PLoS ONE | www.plosone.org

1

Interplay of Stem Cells with Endothelial Cells

are average = SD, n=3. * denotes statistical significance within
time group: ** P<<0.01. # denotes statistical significance between
time groups comparing the respective control/treatment groups:
# P<0.05, ## P<0.01.

(TIFF)

Figure S5 Adhesion of CD34" cells to fibrin gels. CD34"
cells were seeded on 24-well plates coated with fibrin gels either
with (C) or without (A, B and D) CD34"-derived ECs (35,000
cells). The number of CD34" cells per well was 100,000, except in
B (135,000). The culture medium was EGM-2, except in D (EC-
conditioned EGM-2). After 7 days, the cells were washed and the
attached ones were counted in random microscope fields (x200
magnification). Results are average * SD. * and *** denote
statistical significance (P<<0.05 and P<0.0001, respectively).
(TIFF)

Figure S6 Regenerative effect of CD34" cells encapsu-
lated in fibrin gels on diabetic wounds. Wound closure
(relatively to initial wound area) in diabetic mice treated by topical
application of 1.35x10° CD34" cells encapsulated in fibrin gels.
Control wounds received a saline solution (PBS) only. Results are
average = SEM, n=75.

(TIFF)

Figure 87 Histological analysis of wounds treated by
topical application of fibrin gel alone or fibrin gel
containing CD34" cells or CD34" cells plus CD34'-
derived ECs. Representative bright-field photographs of mouse
wounds at day 10, stained with hematoxylin/eosin. Bar corre-
sponds to 100 pm.

(TIFF)

Figure S8 Expression of inflammation-related genes by
quantitative RT-PCR, on mouse wound skin biopsies at
day 3. Wounds had been treated by topical application of fibrin
gel containing 1x10°> CD34" cells and 0.35x10°> CD34"-derived
ECs. Control wounds were covered with gel only. Results are
average * SD, n=9.

(TIFF)

Table S1 Primer sequences used for gPCR.
(TTFF)

Materials and Methods S1
section.

DOC)

Expanded materials and methods

Author Contributions

Conceived and designed the experiments: DCSP EC LF. Performed the
experiments: DCSP AT LM IFC JD LF. Analyzed the data: DCSP EC LF.
Contributed reagents/materials/analysis tools: IFC' JD. Wrote the paper:
DCSP LF.

6. Caballero S, Sengupta N, Afzal A, Chang KH, Li Calzi S, et al. (2007) Ischemic
vascular damage can be repaired by healthy, but not diabetic, endothelial
progenitor cells. Diabetes 56: 960-967.

7. Barcelos LS, Duplaa C, Krankel N, Graiani G, Invernici G, et al. (2009) Human
CD133+ progenitor cells promote the healing of diabetic ischemic ulcers by
paracrine stimulation of angiogenesis and activation of Wnt signaling. Circ Res
104: 1095-1102.

8. Wu Y, Chen L, Scott PG, Tredget EE (2007) Mesenchymal stem cells enhance
wound healing through differentiation and angiogenesis. Stem Cells 25:
2648-2659.

9. Broxmeyer HE, Srour EF, Hangoc G, Cooper S, Anderson SA, et al. (2003)

High-efficiency recovery of functional hematopoietic progenitor and stem cells

January 2011 | Volume 6 | Issue 1 | e16114



23.

24.

from human cord blood cryopreserved for 15 years. Proc Natl Acad Sci U S A
100: 645-650.

. Leor J, Guetta E, Chouraqui P, Guetta V, Nagler A (2005) Human umbilical

cord blood cells: a new alternative for myocardial repair? Cytotherapy 7:
251-257.

. Valbonesi M, Giannini G, Migliori I, Dalla Costa R, Dejana AM (2004) Cord

blood (CB) stem cells for wound repair. Preliminary report of 2 cases. Transfus
Apher Sci 30: 153-156.

Smadja D, Basire A, Amelot A, Conte A, Bieche I, et al. (2008) Thrombin bound
to a fibrin clot confers angiogenic and haemostatic properties on endothelial
progenitor cells. JOURNAL OF CELLULAR AND MOLECULAR MEDI-
CINE 12: 975-986.

Ghajar CM, Chen X, Harris JW, Suresh V, Hughes CC, et al. (2008) The effect
of matrix density on the regulation of 3-D capillary morphogenesis. Biophys J 94:
1930-1941.

. Franke TF, Kaplan DR, Cantley LC (1997) PI3K: downstream AKTion blocks

apoptosis. Cell 88: 435-437.

. Deng X, Ruvolo P, Carr B, May WS, Jr. (2000) Survival function of ERK1/2 as

IL-3-activated, staurosporine-resistant Bcl2 kinases. Proc Natl Acad Sci U S A
97: 1578-1583.

. Werner S, Grose R (2003) Regulation of wound healing by growth factors and

cytokines. Physiol Rev 83: 835-870.

. Janmey PA, Winer JP, Weisel JW (2009) Fibrin gels and their clinical and

bioengineering applications. ] R Soc Interface 6: 1-10.

. de Boer HC, Verseyden C, Ulfman LH, Zwaginga JJ, Bot I, et al. (2006) Fibrin

and activated platelets cooperatively guide stem cells to a vascular injury and
promote differentiation towards an endothelial cell phenotype. Arterioscler
Thromb Vasc Biol 26: 1653-1659.

. Finkenzeller G, Graner S, Kirkpatrick CJ, Fuchs S, Stark GB (2009) Impaired in

vivo vasculogenic potential of endothelial progenitor cells in comparison to
human umbilical vein endothelial cells in a spheroid-based implantation model.

Cell Prolif 42: 498-505.

. Behringer D, Kresin V, Henschler R, Mertelsmann R, Lindemann A (1997)

Cytokine and chemokine production by CD34+ haemopoietic progenitor cells:
detection in single cells. Br ] Haematol 97: 9-14.

Scheubel RJ, Holtz J, Friedrich I, Borgermann J, Kahrstedt S, et al. (2008)
Paracrine effects of CD34 progenitor cells on angiogenic endothelial sprouting.
Int J Cardiol.

Starnes T, Robertson MJ, Sledge G, Kelich S, Nakshatri H, et al. (2001) Cutting
edge: IL-17F, a novel cytokine selectively expressed in activated T cells and
monocytes, regulates angiogenesis and endothelial cell cytokine production.
J Immunol 167: 4137-4140.

Romagnani P, Annunziato F, Liotta F, Lazzeri E, Mazzinghi B, et al. (2005)
CD14+CD34low cells with stem cell phenotypic and functional features are the
major source of circulating endothelial progenitors. Circ Res 97: 314-322.
Kolls JK, Linden A (2004) Interleukin-17 family members and inflammation.
Immunity 21: 467-476.

@ PLoS ONE | www.plosone.org

12

30.

31.

32.

33.

34.

36.

37.

38.

Interplay of Stem Cells with Endothelial Cells

. Numasaki M, Fukushi J, Ono M, Narula SK, Zavodny PJ, et al. (2003)

Interleukin-17 promotes angiogenesis and tumor growth. Blood 101:

2620-2627.

5. Tang H, Guo Z, Zhang M, Wang J, Chen G, et al. (2006) Endothelial stroma

programs hematopoietic stem cells to differentiate into regulatory dendritic cells

through IL-10. Blood 108: 1189-1197.

. Chen CC, Manning AM (1996) TGF-beta 1, IL-10 and IL-4 differentially

modulate the cytokine-induced expression of IL-6 and IL-8 in human
endothelial cells. Cytokine 8: 58-65.

. Weber-Nordt RM, Henschler R, Schott E, Wehinger J, Behringer D, et al.

(1996) Interleukin-10 increases Bcl-2 expression and survival in primary human
CD34+ hematopoietic progenitor cells. Blood 88: 2549-2558.

Gerber HP, Malik AK, Solar GP, Sherman D, Liang XH, et al. (2002) VEGF
regulates haematopoietic stem cell survival by an internal autocrine loop
mechanism. Nature 417: 954-958.

Parada Y, Banerji L, Glassford J, Lea NC, Collado M, et al. (2001) BCR-ABL
and interleukin 3 promote haematopoietic cell proliferation and survival through
modulation of cyclin D2 and p27Kipl expression. J Biol Chem 276:
23572-23580.

Ratajczak J, Zhang Q, Pertusini E, Wojczyk BS, Wasik MA, et al. (1998) The
role of insulin (INS) and insulin-like growth factor-I (IGF-I) in regulating human
erythropoiesis. Studies in vitro under serum-free conditions—comparison to other
cytokines and growth factors. Leukemia 12: 371-381.

Geest CR, Buitenhuis M, Groot Koerkamp MJ, Holstege FC, Vellenga E, et al.
(2009) Tight control of MEK-ERK activation is essential in regulating
proliferation, survival, and cytokine production of CD34+-derived neutrophil
progenitors. Blood 114: 3402-3412.

Lozito TP, Kuo CK, Taboas JM, Tuan RS (2009) Human mesenchymal stem
cells express vascular cell phenotypes upon interaction with endothelial cell
matrix. J Cell Biochem 107: 714-722.

Chen L, Tredget EE, Wu PY, Wu Y (2008) Paracrine factors of mesenchymal
stem cells recruit macrophages and endothelial lineage cells and enhance wound

healing. PLoS One 3: ¢1886.

. Henning RJ, Burgos JD, Ondrovic L, Sanberg P, Balis J, et al. (2006) Human

umbilical cord blood progenitor cells are attracted to infarcted myocardium and
significantly reduce myocardial infarction size. Cell Transplant 15: 647-658.
Vendrame M, Gemma C, de Mesquita D, Collier L, Bickford PC, et al. (2005)
Anti-inflammatory effects of human cord blood cells in a rat model of stroke.
Stem Cells Dev 14: 595-604.

Nakamuta JS, Danoviz ME, Marques FL, dos Santos L, Becker C, et al. (2009)
Cell therapy attenuates cardiac dysfunction post myocardial infarction: effect of
timing, routes of injection and a fibrin scaffold. PLoS One 4: ¢6005.
Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O’Garra A (1991) IL-10
inhibits cytokine production by activated macrophages. J Immunol 147:
3815-3822.

January 2011 | Volume 6 | Issue 1 | e16114



