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Abstract Nanofiber-expanded human umbilical cord blood-derived CD34+ cell therapy is under consideration for treating
peripheral and cardiac ischemia. However, the therapeutic efficacy of nanofiber-expanded human umbilical cord blood-
derived (NEHUCB) CD34+ cell therapy for wound healing and its mechanisms are yet to be established. Using an excision wound
model in NOD/SCID mice, we show herein that NEHUCB-CD34+ cells home to the wound site and significantly accelerate
the wound-healing process compared to vehicle-treated control. Histological analysis reveals that accelerated wound closure
is associated with the re-epithelialization and increased angiogenesis. Additionally, NEHUCB-CD34+ cell-therapy decreases
expression of pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6 and NOS2A in the wound bed, and concomitantly increases
expression of IL-10 compared to vehicle-treated control. These findings were recapitulated in vitro using primary dermal
fibroblasts and NEHUCB-CD34+ cells. Moreover, NEHUCB-CD34+ cells attenuate NF-κB activation and nuclear translocation in
dermal fibroblasts through enhanced secretion of IL-10, which is known to bind to NF-κB and suppress transcriptional activity.
Collectively, these data provide novel mechanistic evidence of NEHUCB-CD34+ cell-mediated accelerated wound healing.

© 2013 The Authors. Published by Elsevier B.V. Open access under the CC BY-NC-ND license.
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nitric oxide synthase; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; SFEM, serum-free
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factor; DAPI, 4′,6-diamidino-2-phenyl indole; ELISA, enzyme-linked immunosorbent assay; WB, western blot.

⁎ Corresponding author at: TheDorothyM.Davis Heart and LungResearch Institute,WexnerMedical Center at TheOhio StateUniversity, 460W. 12th
Avenue, BRT 356, Columbus, Ohio 43210, USA. Fax: +1 614 293 5614.

E-mail address: hiranmoy.das@osumc.edu (H. Das).

1873-5061 © 2013 The Authors. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.scr.2013.11.005

Open access under the CC BY-NC-ND license.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scr.2013.11.005&domain=pdf
mailto:hiranmoy.das@osumc.edu
http://dx.doi.org/10.1016/j.scr.2013.11.005
http://dx.doi.org/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


276 S. Kanji et al.
Introduction

An open wound injury triggers a healing process that requires
the well-orchestrated integration of complex biological and
molecular events, and impairment of this process results in
pathological conditions (Falanga, 2005; Martin, 1997; Singer
and Clark, 1999). Despite advances in wound care, around
6.5 million patients suffer from pathological conditions and
over 72,000 amputations occur each year in the United States
alone (Brem et al., 2006). Current medical interventions,
such as systemic (e.g. hyperbaric oxygen therapy) or topical
(e.g. growth factor; PDGF) therapy, and mechanical devices
for wound protection, attain only a 50% recovery, and fail
in many cases to prevent chronic wound-related lower limb
amputations. The cost of treatment is staggering, at $25
billion annually in the U.S., and the burden is rapidly growing
(Sen et al., 2009).

Inflammation is crucial to the normal wound healing
process, however, persistent inflammation leads to impaired
healing (Barone et al., 1998; Stadelmann et al., 1998; Trengove
et al., 2000; Zhou et al., 2000). Several pro-inflammatory
factors, such as interleukin-1β (IL-1β), interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α), were found in significantly
higher concentrations in human (Tarnuzzer and Schultz, 1996;
Trengove et al., 2000) and in murine (Zhou et al., 2000) wound
fluid from non-healing leg ulcers compared to healing ulcers.
Fibroblasts act as sentinel cells (Cooney et al., 1997) and
it is evident that most of the pro-inflammatory factors are
transcriptionally regulated by a nuclear factor kappa-light-
chain-enhancer of activated B-cells (NF-κB)-mediated pathway
(Kleinert et al., 1996; Xie et al., 1994). Interleukin (IL)-10 is
one of the most important anti-inflammatory molecules that
acts to inhibit the production of pro-inflammatory cytokines
(Wang et al., 1995) through the suppression of NF-κB activation
and also promote regenerative healing in a cutaneous wound
model (Peranteau et al., 2008). The activation and transloca-
tion of NF-κB to the nucleus is followed by transcription of
iNOS (Kleinert et al., 1996) and pro-inflammatory cytokines
(Baldwin, 1996; Ghosh and Karin, 2002). Previous studies have
identified NF-κB transcription factors as key regulators of
TNF-α -induced inflammatory gene expression in fibroblasts
and other cellular systems (Kleinert et al., 1996; Xie et al.,
1994). Thus inhibition of NF-κB activity can be a potential
mechanism for regulating inflammatory responses. Studies
indicate that IL-10 inhibits NF-κB activation upon TNF-α
stimulation in various cell types (Dhingra et al., 2009; Wang
et al., 1995).

As stem cells are increasingly recognized for their regener-
ative properties in clinical applications, the use of NEHUCB-
CD34+ cells would be considered a promising and novel
therapeutic approach to overcome the economic and social
burden of wound-related treatment. CD133 is a cell surface
glycoprotein which is co-expressed with the CD34 antigen on
the hematopoietic stem cell population and is believed to be
a phenotypically primitive stem cell marker (Miraglia et al.,
1997; Potgens et al., 2001; Yin et al., 1997). We previously
reported about a stem cell expansion technology, developed in
our laboratory, which allowed us to isolate a pure population
of CD133+ cells from human umbilical cord blood, and to
expand them ex vivo up to 250-fold in serum-free medium on
aminated poly-ether sulfone (PES) nanofiber coated plates
over a period of 10 days (Das et al., 2009a). Flowcytometric
analysis showed that more than 90% of these expanded cells
express CD34 where as 23% express CD133 (Das et al., 2009a),
leading us to refer to these cells as nanofiber expanded cord
blood-derived (NEHUCB-) CD34+ cells. Previously, our labora-
tory has shown that NEHUCB-CD34+ cell therapy restores
functionality and enhances neo-vascularization more efficient-
ly than freshly isolated counterparts in NOD/SCID mice in
various ischemic models (Das et al., 2009a,b). Expression of
CXCR4, a chemokine receptor on the surface of HSCs and their
lineages, helps their preferential migration to the inflamma-
tory or ischemic areas, which express higher levels of the SDF-1
molecule, a ligand for CXCR4 (Aiuti et al., 1997; Jo et al.,
2000). NEHUCB-CD34+ cells constitutively express high levels
of pro-migratory (CXCR4) and pro-adhesive (LFA-1) surface
molecules, which equip them for efficient homing to the
challenged area, and higher mobilization in response to the
SDF-1 molecule (Das et al., 2009a). Conversely, anti-CXCR4
administration also facilitates mobilization and recruitment of
endogenous bone marrow progenitor cells to the wound bed
(Fiorina et al., 2010). Although, these stem/progenitor cells
play important roles in the improved functionality observed in
various preclinical models, their role in limiting inflammatory
responses is not well understood. Previous reports indicate
that cord blood mesenchymal stem cells possess a variety of
immunomodulatory and anti-inflammatory activities (Fiorina
et al., 2011; Francese and Fiorina, 2010). To assess the efficacy
of NEHUCB-CD34+ cells for treating excisional wounds in
NOD/SCID mice and thereby address mechanism, we show
herein that NEHUCB-CD34+ cells home to the wound site and
significantly accelerate the wound-healing process. Acceler-
ated wound closure was associated with re-epithelialization
and increased angiogenesis. Additionally, NEHUCB-CD34+
cell-therapy decreased the expression of TNF-α, IL-1β, IL-6
and NOS2A with a concomitant increase in the expression
of IL-10 in the wound bed. Moreover, NEHUCB-CD34+ cells
attenuated NF-κB activation and nuclear translocation in
dermal fibroblasts through enhanced secretion of IL-10, which
is known to regulate NF-κB by suppressing its transcriptional
activity. Collectively, these data provide novel mechanistic
insights into how NEHUCB-CD34+ cells mediate accelerated
wound healing.

Materials and methods

CD133+ cell isolation

Fresh human umbilical cord blood was obtained from Wexner
Medical Center at The Ohio State University after IRB approval
and written consent from donors and processed following
an earlier described protocol (Das et al., 2009a). Briefly, after
Ficoll separation, CD133+ cells were isolated by using an
AutoMACS device (Miltenyi Biotec, Auburn, CA), and the purity
of the isolated cells as well as their phenotypes after expansion
were determined by flowcytometry.

Ex-vivo CD133+ cell expansion

Freshly isolated CD133+ cells were expanded according
to the protocol described previously (Das et al., 2009a).
Briefly, eight hundred CD133+ cells were seeded onto each
well containing nanofiber mesh (kind gift from Hai-Quan
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Mao, PhD, Johns Hopkins University, Baltimore, MD) in 600 μl
of StemSpan serum-free expansion medium (SFEM, Stem Cell
Technologies, Vancouver, BC, Canada), containing essential
supplements. Cells were cultured without change of culture
medium for 10 days at 37 °C in an atmosphere containing 5%
CO2, and harvested after 10 days. Flowcytometric analysis of
expanded cells was performed before experiments.
In vitro culture of NEHUCB-CD34+ cells

NEHUCB-CD34+ cells were collected along with media
(expansion media) as described earlier (Das et al., 2009a) on
day 10. Around 1 × 106 NEHUCB-CD34+ cells were then cultured
for 24 h in serum-free DMEMmedia. After 24 h, NEHUCB-CD34+
cells were collected by centrifugation, andm-RNAwas isolated.
Cell culture supernatant was stored at −80 °C for enzyme-
linked immuno sorbent assay (ELISA) to estimate the levels
of IL-10.
Isolation of NEHUCB-CD34 (−) cells

Nanofiber expanded human umbilical cord blood-derived
CD34 (−) cells were isolated from the 10-day expanded cells
using AutoMACS device and negative selection methods
(Miltenyi Biotec, Auburn, CA). Briefly, 10 day expanded cells
were collected and incubated with CD34+ magnetic bead
conjugated Ab for 30 min, passed through the columns, and
the negative fraction was collected from the AutoMACS
device. The unbound magnetic beads were removed from
the CD34 (−) cells by adhering to the magnet. Cells were
washed with 1x PBS and used for subsequent experiments.
Labeling of NEHUCB-CD34+ cells

NEHUCB-CD34+ cells were transfected with GFP containing
vector (pmaxGFP) using a human CD34 cell Nucleofector kit
(Amaxa Inc.) following themanufacturer's protocol (Das et al.,
2009a). After transfection, cells were cultured overnight with
serum-free complete media.
Fibroblast cell culture

A primary human dermal fibroblast cell line was established
from skin punch biopsies of a healthy donor. Primary human
dermal fibroblast cells (Powell and Boyce, 2007) (a generous
gift from Dr. Heather M. Powell, Department of Materials
Science and Engineering, Department of Biomedical Engi-
neering, The Ohio State University, Columbus, Ohio) were
maintained in Dulbecco's modified Eagle's medium (DMEM)
(Invitrogen Corporation, Carlsbad, CA, USA), supplemented
with 4% fetal calf serum (FCS) (Sigma-Aldrich, St. Louis, MO,
USA), 2 mM glutamine (Invitrogen Corporation), 5 μg/ml
insulin (Sigma-Aldrich, St. Louis, MO, USA), 0.5 μg/ml Hydro-
cortisone (Sigma-Aldrich, St. Louis, MO, USA), 0.1 mM ascorbic
acid-2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 50 U/ml
penicillin, and 50 μg/ml streptomycin (Invitrogen Corpora-
tion) and grown in 5% CO2 at 37 °C and used from passage
3 to 7.
Co-culture of NEHUCB-CD34+ cells and
dermal fibroblasts

Primary human dermal fibroblasts were co-cultured with
NEHUCB-CD34+ or NEHUCB-CD34 negative (−) cells in separate
six-well plates using fibroblast culture media. For all studies,
dermal fibroblasts were seeded at 3 × 105 cells/well in a 6-well
plate and maintained in DMEM for 6 h. Fibroblast cells were
serum starved for 24 h prior to any experiment. After serum
starvation, fibroblast cells were stimulated with 10 ng/ml
recombinant human TNF-α (PeproTech, Rocky Hill, NJ, USA)
in the presence or absence of 3 × 105 NEHUCB-CD34+ or
NEHUCB-CD34 (−) cells. The following 4 different treatment
groups were devised: untreated controls, fibroblasts treated
with 10 ng/ml recombinant human TNF-α, and fibroblasts
treated with 3 × 105 NEHUCB-CD34+ cells with or without
10 ng/ml TNF-α. Similar groups were considered in a separate
experiment using NEHUCB-CD34 (−) cells. Then, fibroblasts
were cultured for 30, 60 and 90 min under the previously
specified culture conditions. Fibroblasts were harvested at
each specified time point, and total, cytoplasmic, and nuclear
proteins, as well as m-RNA were isolated and analyzed as
mentioned. Fibroblasts were harvested from the co-culture
wells after removal of NEHUCB-CD34+ cells by thoroughly
washing with 1x PBS. In some experiments, media were
collected from the co-cultured wells and stored at −80 °C for
IL-10 estimation after removal of NEHUCB-CD34+ cells by
centrifugation.
Addition of rIL-10 to human dermal fibroblast
cell culture

Human dermal fibroblasts were seeded at 5 × 105 cells in 6-cm
dishes and cultured in DMEM for 6 h. Twenty-four hours prior
to initiating experiments, medium in plates was replaced with
serum-free DMEM. After 24 h of serum starvation, fibroblast
cells were treated with or without 10 ng/ml human recombi-
nant IL-10 (R&D Systems, USA) 5 min before treating with
10 ng/ml recombinant human TNFα (PeproTech, Rocky Hill,
NJ, USA). Four different groups were assigned: 1) untreated
controls, 2) cells treated with recombinant human IL-10, 3)
cells treated with TNFα, and 4) cells treated with IL-10 and
TNFα. Fibroblast cells were harvested after 30, 60, or 90 min
of TNFα treatment to perform further assays.
Full thickness excision cutaneous wound model

All animal experiments were performed in accordance with
the protocols approved by the Institutional Animal Care
and Use Committee of The Ohio State University. NOD/SCID
mice were purchased from Jackson laboratory (Bar Harbor,
ME) and 8–10 week old male mice were used for this
study. Under anesthesia, the mouse dorsum was clipped,
hair was removed, and the area was wiped with Betadine
solution. A full-thickness 8-mm skin punch biopsy (Acuderm
Inc. Fort Lauderdale, FL) was created on the dorsal skin of
each mouse. Mice were sacrificed on the 3rd, 5th, 7th and
9th days post-excision. At each time point, samples that
included the wound and 2 mm of the surrounding skin were
harvested.
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Transplantation of labeled NEHUCB-CD34+ cells

After 2 h of cutaneous excision stem cells were injected to the
mice through the lateral tail vein. Ten-day nanofiber-expanded
cells (0.5 × 106 cells/mouse), or GFP transfected (24 h prior
to injection) nanofiber-expanded cells (0.5 × 106 cells/mouse)
in 200 μl volume ofmediawere injected into each group (15) of
mice, with media alone serving as a control.
Evaluation of wound area

Imaging of wounds was performed on days 0, 3, 5, 7, and 9 days
post-wounding, with a digital camera (Sony cyber-shot
DSC-H10) from a fixed distance. Wound closure rate was
measured by tracing the wound area onto acetate paper on
each day as described elsewhere (Marrotte et al., 2010).
The tracings were scanned and digitalized, and the areas
were calculated using the UTHSCSA (University of Texas
Health Science Center at San Antonio) image tool (Version
3.00) and converted to percent wound closure. The investiga-
tors measuring samples were blinded. The percentage of
wound closure was calculated as follows: (Area of wound on
day 0 −Area of wound on day of examination) / Area of wound
on day 0 × 100).
Immunohistochemistry

At the end of the experiments, mice were sacrificed and skin
tissues were harvested and part of the tissue was fixed in
formalin-PBS buffer, paraffin-embedded, and wound-edge
specimens were sectioned with 4 μm diameter. After de-
paraffinization, sections were stained with hematoxylin
& eosin (H & E) by standard procedures and examined
under light microscopy. For immunofluorescence staining,
antigen retrieval was performed using citrate buffer,
pH 6.0, and baking for 5 min in a microwave, followed by
cooling for 3 min. After non-specific blocking, specific staining
was performed by using vWF (Dako, Carpinteria, CA) Ab,
followed by incubation with secondary antibody alexa fluor
594-conjugated IgG (Invitrogen, Molecular Probe, Carlsbad,
CA). Counterstaining was performed with DAPI (Invitrogen)
and slides were imaged by fluorescent microscope (Nikon
E800 with MetaMorph version 4.5 software, Universal Imaging
Corp.). GFP staining procedures were performed following
methods of VECTASTAIN Elite ABC kits (Vector laboratories
Inc, Burlingame, CA) after using anti-GFP primary antibody
(Zymed, Invitrogen). Immunohistochemical and Immunofluo-
rescence data were analyzed using an image analysis software
program (ImageJ, NIH).
Immunofluorescence

Nuclear translocation of NF-κB p65 was assessed by immuno-
fluorescence using mouse anti- NF-κB p65 IgG (Santa Cruz
Biotechnology) as primary antibody followed by incubation
with secondary antibody alexa fluor 594-conjugated IgG
(Invitrogen, Molecular Probes, Carlsbad, CA). The stained
cells were visualized under a Zeiss Axioimage epifluorescence
microscope.
Quantitative RT-PCR analysis

Total RNA was extracted from wound-edge tissue harvested
on days 3, 5, 7 and 9, and from dermal fibroblasts and
NEHUCB-CD34+ cells using TRIzol reagent (Invitrogen) fol-
lowing the manufacturer's protocol. The reverse-transcription
of 1 μg of mRNA to cDNA was performed using the ‘High
Capacity cDNA Reverse Transcription Kit’ (Applied Biosystems,
Foster City, CA). One 20th of the cDNA was used for the
real time PCR analysis using appropriate primers. Reactions
were performed using SYBR Green PCR master mix (Applied
Biosystems) in a Light Cycler 480 (Roche Applied Science)
detection system. mRNA expression levels were normalized to
β-actin for mouse samples and GAPDH for human samples.

Western blot analysis

Western blot (WB) analysis of various proteins isolated from
wound tissue from animals with or without stem cell therapy
was performed following the standard procedures. Primary
antibodies used were against p65, Lamin B (both from Santa
Cruz, CA), Phospho p65 (Ser536), β-actin, and GAPDH (all from
Cell Signaling, Beverly, MA). HRP-conjugated anti-mouse, and
-rabbit IgG (Cell Signaling, Beverly, MA) as well as anti-goat
IgG-HRP conjugated (Santa Cruz, CA) secondary Abs were
used and specific bands were detected by enzyme-linked
chemiluminescence (Pierce, IL). Densitometric analysis of
developed bands was performed using a standard scanner and
analyzed with UN-SCAN-IT (gel 6.1 version) software. Relative
density was calculated by comparison to their respective
GAPDH/β-actin/Lamin B levels.

Enzyme-linked immunosorbent assay (ELISA)

Human IL-10 ELISA assay was performed to analyze the media
collected from co-culture (fibroblast and NEHUCB-CD34+ cell)
experiments, NEHUCB-CD34+ expansion media from day 10
and from NEHUCB-CD34+ stimulation experiments using an
ELISA kit (Quantikine, R&D Systems, USA) and following
manufacturer's protocol. The values were expressed as
(pg/ml) for each sample measured by comparison to an
IL-10 standard curve.

Statistical analysis

All values were expressed as mean ± SEM. Student's ‘t’ test
was performed for comparison of data of unpaired samples.
A probability (p) value b0.05 was considered significant.

Results

Isolation, expansion and labeling of human umbilical
cord blood-derived progenitor cells

CD133+ cells were isolated from freshly collected human
umbilical cord blood using Auto MACS system, and showed
greater than 95% purity. Isolated CD133+ cells, which also
co-express CD34 were expanded on nanofiber matrices
following earlier mentioned protocols shown to preserve
stem cell phenotypes and characteristics (Das et al., 2009a).
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After nanofiber expansion, the purity of the CD34+ cell
populations was more than 90% as determined by flow
cytometry (Das et al., 2009a). Nanofiber-expanded CD34+
cells were transfected using the Amaxa electroporation
protocol described earlier (Das et al., 2009a). Transfection
efficiency with pmaxGFP vector was more than 90% and cell
viability was ~70% (Das et al., 2009b).
NEHUCB-CD34+ cell therapy accelerates
wound healing

Evidence supports the potential of adult or fetal stem/
progenitor cells as therapeutic agents for healing cutaneous
wounds (Barcelos et al., 2009; Sivan-Loukianova et al., 2003;
Suh et al., 2005). However, potential therapeutic efficacies
of nanofiber-expanded stem cells have yet to be assessed.
Herein, we have evaluated the potential of NEHUCB-CD34+
cells to promote the healing of an excisional cutaneous
wound using a NOD/SCID murine model. NOD/SCID mice have
Figure 1 NEHUCB-CD34+ cell therapy enhances wound healing in
(8 mm punch biopsies) in NOD/SCID mice at various time points (day
B. Graphical presentation of cumulative measurement of wounds
nanofiber-expanded stem cell therapy. Statistical analysis revealed
closure in the animals received NEHUCB-CD34+ cell therapy compar
n = 15; day 5, n = 12; day 7, n = 9; and day 9, n = 6).
been well known for lower graft rejection and are a well-
established animal model in which to study the effect of
human cell transplantation for various disease states including
wound healing. Morphological image analysis revealed that
NEHUCB-CD34+ cell therapy significantly improved the rate of
wound closure as early as day 3 post-wounding and became
more evident on day 7 post-wounding (Fig. 1A). Cumulative
image analysis revealed a statistically significant improvement
in wound healing on days 3, 5, 7 and 9 after NEHUCB-CD34+
cell therapy compared to the vehicle-treated control animals
(Fig. 1B), indicating a potential application of these cells in
cutaneous wound treatment.
NEHUCB-CD34+ cell therapy enhances
re-epithelialization, granulation and
vascularization of wounds

To investigate the effectiveness of the transplanted
NEHUCB-CD34+ cells at the cellular level, we performed
NOD/SCID mice. A. Morphological images of cutaneous wounds
s 0, 3, 5, 7 and 9) with or without NEHUCB-CD34+ cell therapy.
area (% closure) on days 0, 3, 5, 7 and 9 with or without
that significant (p b 0.005 at any time point) enhancement of

ed to the control animals without CD34+ cell therapy (on day 3,
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histopathological analysis using H & E staining, and immu-
nohistochemical analysis of the wound sections using
the vascularization specific marker von Willebrand factor
(vWF). Histological evaluation revealed that enhanced re-
epithelialization had occurred in the wounds of animals
treatedwith NEHUCB-CD34+ cells compared to vehicle treated
animals at various time points tested such as days 3, 5 and 7.
Higher granularity was also observed in the wounds of animals
treatedwith NEHUCB-CD34+ cells compared to vehicle treated
animals on days 5 and 7, suggesting an enhanced cellular
regeneration in these animals (Fig. 2). Quantification of vWF
positive staining revealed that a significant (p b 0.05) increase
in vascularization was visible on days 3, 5 and 7 in the wounds
of animals treated with NEHUCB-CD34+ cells compared to the
control animals treated with vehicle only (Figs. 3A & B),
indicating that neo-vascularization contributes to accelerated
wound healing.
Figure 2 NEHUCB-CD34+ cell therapy enhances re-epithelializat
of wound sections with or without NEHUCB-CD34+ cell therap
re-epithelialization, on day 7, indicate granulation in the wound. Ins
Homing of NEHUCB-CD34+ cells into the wound bed

We next assessed whether transplanted NEHUCB-CD34+ cells
were migrating to the wound bed. To detect homing, human
CD34+ cells were transiently transfected with pmaxGFP +
vector using the Amaxa electroporation system. We found that
more than 90% of cells were GFP positive after 24 h and that
cell survivability was more than 70%. Within 24 h of pmaxGFP
transfected NEHUCB-CD34 + cells were used for transplanta-
tion. Immunohistochemical staining in thewound tissue sections
of the animals transplanted with NEHUCB-CD34+ cells using
anti-GFP Ab revealed that a substantial number of GFP+
cells were homed to the wound bed as early as 3 h of post-
transplantation, and remained as late as 7 days of post-
treatment (Fig. 4A). At the initial time point (3 h), GFP+ cells
were primarily observed around the blood vessels, whereas
GFP+ cells were distributed throughout the dermis area at days
ion and granulation of wounds. Hematoxylin and eosin staining
y at various time points. Arrowheads on day 5, indicate
et images are of lower magnification views of the same sections.

image of Figure�2


Figure 3 Increased vasculogenesis in wound bed after NEHUCB-CD34+ cell therapy. A. Immunofluorescence-based detection of
neovascularization in the wound bed using anti-von Willebrand factor (vWF, green) Ab at various time points (days 3, 5 and 7) in
animals with or without NEHUCB-CD34+ cell therapy. B. Bar graph shows quantitative values of vascular density of wound tissue at
days 3, 5, 7 post-wounding. Values were measured by stained percent area in 10 randomly chosen high power microscopic fields
within the sections (n = 3). Data are presented as mean ± SEM.
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3, 5 and 7 post-wounding (Fig. 4A). Quantification showed that
2238 ± 200 GFP+ cells/mm2 were present at 3 h, while the
number of GFP+ cells slightly decreased at 24 h (2129 ± 167
GFP+ cells/mm2 at 6 h; 1815 ± 67 GFP+ cells/mm2 at 24 h)
(Fig. 4B). Additionally, the number of GFP+ cells was gradually
decreased at later time points, at days 3, 5 and 7 (1074 ± 160
GFP+ cells/mm2 at day3; 630 ± 100 GFP+ cells/mm2 at day5;
and 50 ± 10 GFP+ cells/mm2 at day7) (Fig. 4B). These results
indicate that a substantial number of NEHUCB-CD34+ cells
home to the wound bed and remain there during the wound
healing process without further increasing in number.
NEHUCB-CD34+ cell therapy reduces expression of
pro-inflammatory factors in the wound

A well-regulated and controlled inflammatory response is
required for the normal wound healing process. However,
sustained inflammation at the wound site results in delayed
or inefficient wound closure and develops into pathogenesis
(Menke et al., 2007). We therefore first sought to test the
gene expression pattern of pro-inflammatory factors such
as IL-1β, IL-6, TNF-α, and NOS2A in the wound tissue of
mice treated with or without NEHUCB-CD34+ cells during
the course of the healing process. Quantitative RT-PCR
analysis revealed that there was a significant decrease in the
expression of pro-inflammatory factors such as IL-1β, IL-6,
TNF-α, and NOS2A in wound tissues of the animals treated
with NEHUCB-CD34+ cells on various days (such as days 3, 5
and 7) during the wound healing process compared to
wounds of animal treated with vehicle only (Fig. 5). This
result indicated that NEHUCB-CD34+ cell therapy mediates a
reduction in pro-inflammatory activity in the wound bed.

NEHUCB-CD34+ cell therapy increases expression of
anti-inflammatory cytokine in wound bed

To explore the possibility that NEHUCB-CD34+ cells mediate
anti-inflammatory gene expression in vivo, we investigated
levels of IL-10, a well established anti-inflammatory factor, in
mouse wound tissues collected in the presence or absence
of NEHUCB-CD34+ cell therapy. Quantitative RT-PCR analysis
revealed a significant increase in the expression of IL-10 in the
wound tissues of the mice treated with NEHUCB-CD34+ cells on
various days (such as days 3, 5 and 7) during the wound healing
process compared to wound tissues from animals treated with
vehicle only (Fig. 5). These results suggest NEHUCB-CD34+ cell
treatment may trigger the expression of anti-inflammatory
genes in vivo to suppress inflammation in the wound.

NEHUCB-CD34+ cells express IL-10 mRNA and
protein in vitro

We next designed a series of in vitro experiments using
NEHUCB-CD34+ cells and human primary dermal fibroblasts

image of Figure�3


Figure 4 NEHUCB-CD34+ cells home to the wound area. A. GFP over-expressing NEHUCB-CD34+ cells were assessed for homing to
the wound bed at various time points using α-GFP Ab and immunohistochemical methods. B. Bar graph shows quantification of GFP+
cells in the wound bed at various time points. GFP+ cells were counted in 16 randomly chosen high power microscopic fields within
the sections (n = 3). Data are presented as mean ± SEM.

Figure 5 Modulation of pro- and anti-inflammatory factors in the wounds after NEHUCB-CD34+ cell therapy. Graphical
presentation of real-time quantitative PCR analysis of the expression of pro-inflammatory genes such as IL-1β, IL-6, TNF-α and
NOS2A, as well as anti-inflammatory gene IL-10, in wounds of animals with or without NEHUCB-CD34+ cell therapy at various time
points (days 3, 5, and 7). The housekeeping gene encoding β-actin was used as an internal reference for normalization. Data
expressed as ± SEM (n = 3 in triplicate). The expression level of each target gene at day 3, without stem cell therapy, was considered
the base line. This experiment was repeated at least 3 times.
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in the presence or absence of pro-inflammatory stimulus
to test the hypothesis that NEHUCB-CD34+ cells are contrib-
uting to elevated levels of the anti-inflammatory molecule
IL-10 within the wound. Quantitative RT-PCR analysis
revealed that mRNA expression of IL-10 was significantly
(p b 0.05) higher in CD34+ cells at 1 h or 24 h after TNF-α
stimulation compared to the unstimulated NEHUCB-CD34+
cells (Fig. 6A). Importantly, without pro-inflammatory
stimulus at 24 h time point, we observed a 3.5-fold increase
in expression of IL-10 compared to the 1 h time point
(Fig. 6A). This result indicates that NEHUCB-CD34+ cells
inherently express the IL-10 gene, and that upon inflamma-
tory stimulus, the expression level of IL-10 is significantly
increased.

A further experiment was performed to confirm whether
the NEHUCB-CD34+ cells express IL-10 in the presence of
dermal fibroblasts and stimulus. Indeed, NEHUCB-CD34+
cells co-cultured with dermal fibroblasts express IL-10 mRNA
at significantly (p b 0.05) higher levels after TNF-α stimula-
tion compared to fibroblasts stimulated with TNF-α alone at
1 h, 6 h or 24 h time points (Fig. 6B). We observe that
fibroblast cells also express IL-10 at the 24 h time point
following stimulation with TNF-α. These results indicate that
Figure 6 NEHUCB-CD34+ cells express and secrete IL-10. A. IL-1
cells, which were cultured in a serum free-medium without growt
stimulation B. IL-10 expression was analyzed in human primary derm
presence or absence of co-culture with NEHUCB-CD34+ cells (1:1 rati
24 h. C. IL-10 protein levels in the culture supernatant of NEHUCB-CD
after 24 h E. IL-10 ELISA in the supernatant of human dermal fib
NEHUCB-CD34+ cells (1:1 ratio) collected after 24 h.
IL-10 expression can originate both from NEHUCB-CD34+
cells and fibroblast cells. To further investigate whether the
increased IL-10 expression in NEHUCB-CD34+ cells translates
to the protein levels, an IL-10 specific ELISA was performed
using cell culture supernatants. ELISA analysis revealed
that NEHUCB-CD34+ cells secreted a lower amount of IL-10
(1.91 pg/ml) during the nanofiber-expansion (day 10),
however, when cultured in serum-free media (without growth
factors) for 24 h, NEHUCB-CD34+ cells secreted a significant
amount of IL-10 (20.3 pg/ml) (Fig. 6C). Similarly, CD34+
cells co-cultured with dermal fibroblasts secreted an almost
10-fold higher amount (11.7 pg/ml) of IL-10 protein upon
TNF-α stimulation, compared to their counterparts stimu-
lated with TNF-α alone (1.2 pg/ml of IL-10). This finding
indicates that the significant amount of IL-10 protein present
in the media is contributed by NEHUCB-CD34+ cells rather
than by the fibroblast cells (Fig. 6E). In addition, NEHUCB-
CD34+ cells co-cultured with dermal fibroblast without
stimulus also secreted almost 12.5-fold higher (15.13 pg/ml)
amount of IL-10 compared to the control (Fig. 6E), indicating
that NEHUCB-CD34+ cells have the potential to secrete
IL-10 protein in both inflammatory and non-inflammatory
environments.
0 expression was analyzed by real-time PCR in NEHUCB-CD34+
h factors for 1 h and 24 h, with or without TNF-α (10 ng/ml)
al fibroblast cells with or without TNF-α (10 ng/ml) and in the

o, NEHUCB-CD34+ cells removed after co-culture) for 1 h, 6 h, or
34+ cells were analyzed by ELISA in serum-free media collected
roblasts in the presence or absence of TNF-α (10 ng/ml) and
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NEHUCB-CD34+ cells suppress TNFα-dependent
NF-κB activation in fibroblasts

As NF-κB plays a central role in regulating the transcription
of most of inflammatory factors (such as IL-1β, IL-6, TNF-α
and NOS2A), we next investigated whether NEHUCB-CD34+
cells have any impact on activation of the NF-κB molecule.
We assessed the levels of activated and total NF-κB-p65
in dermal fibroblasts by WB assay. NF-κB-p65 phosphoryla-
tion at serine 536 is essential for its activation and trans-
criptional activity (Jiang et al., 2003; Sakurai et al., 1999,
2003). Therefore, we investigated whether the presence of
NEHUCB-CD34+ cells inhibits the phosphorylation of p65
to regulate TNF-α-dependent activation in fibroblast cells.
Western blot analysis revealed that stimulation with TNF-α
alone resulted in rapid and sustained p65 phosphorylation
at serine 536 after 30 and 60 min, and that activation was
saturated at 90 min, correlating closely with earlier findings
(Sakurai et al., 1999, 2003). On the other hand, the presence
of NEHUCB-CD34+ cells strongly inhibited TNFα-induced
NF-κB activation in dermal fibroblasts at the 30 and 60 min
time points (Fig. 7A). There was no significant change in total
p65 levels after addition of NEHUCB-CD34+ cells except
at the 30 min time point, where a slight decrease in level
was observed. These data suggest that NEHUCB-CD34+
cells inhibit NF-κB-p65 activation in dermal fibroblasts in
an inflammatory environment. To confirm the specificity
of this effect, a similar experiment was performed using
NEHUCB-CD34 (−) cells. We did not observe any suppression
of NF-κB activation in dermal fibroblasts co-cultured with
NEHUCB-CD34 (−) cells at any time points studied (Fig. 7B).

NEHUCB-CD34+ cells suppress TNF-α-dependent
nuclear translocation of NF-κB

To further investigate whether suppression of NF-κB activa-
tion by NEHUCB-CD34+ cells also impaired nuclear transloca-
tion of NF-κB signaling, we isolated nuclear and cytoplasmic
fraction of proteins from fibroblast cells after co-culture with
NEHUCB-CD34+ cells in the presence or absence of stimulus.
Nuclear abundance of phosphorylated (Ser 536) and total
NF-κB -p65 was assessed using WB and immunofluorescence
techniques. WB analysis revealed a higher abundance of
phosphorylated p65 and total p65 in the nuclear fraction of
TNF-α-induced fibroblast cells at both 30 and 60 min (Fig. 7C;
with a 10.2 and 2.4 fold increase in phosphorylated p65
at 30 min and 60 min, respectively, and 4.6- and 4.9 fold
increases in total p65 at 30 min and 60 min, respectively,
compared to controls without stimulus). As expected, the
nuclear fractions of phosphorylated p65 and total p65 were
markedly reduced at both 30 and 60 min after co-culture
with NEHUCB-CD34+ cells [Fig. 7C; with a decrease of
phosphorylated p65 from 10.2-fold to 2.0-fold (30 min), and
2.4 fold to 0.6 fold (60 min) and total p65 4.6-fold to
3.1-fold (30 min), 4.9-fold to 2.2-fold (60 min)]. To confirm
this important finding, immunocytochemistry was performed
using the above-mentioned protocols. Immunofluorescence
analysis of the nuclear translocation of p65 revealed that
there were less p65 molecules in the nucleus of fibroblast
cells after co-culture with NEHUCB-CD34+ cells in presence of
TNF-α (Fig. 7D). These data confirm that NEHUCB-CD34+ cells
suppress the nuclear translocation of NF-κB -p65 molecules in
fibroblast cells in an inflammatory milieu.

IL-10 suppresses TNFα-dependent NF-κB activation
in dermal fibroblast

As IL-10 was the only predominantly immunosuppressive
molecules secreted from NEHUCB-CD34+ cells, we wanted to
assess whether IL-10 was the molecule, which played a role
in the suppression of NF-κB activation and translocation. To
verify this hypothesis, we added recombinant IL-10 to dermal
fibroblasts in the presence or absence of inflammatory
stimulus, and assessed the activation of NF-κB molecule using
WB techniques. WB analysis revealed that phosphorylation of
p65 at serine 536 was significantly suppressed in the presence
of rIL-10 at the 30 and 60 min time points in the presence
of TNF-α stimulus (Fig. 7E). These data indicate that IL-10
suppresses NF-κB-p65 activation by inhibiting its phosphoryla-
tion at serine 536.

Discussion

Human umbilical cord blood as a whole has been used in
the treatment of multiple hematological disorders for more
than five decades (Mimeault and Batra, 2006). However, the
number of progenitor cells obtained from a single unit of cord
blood is not sufficient for routine clinical applications and
combining units enhances the possibility of immune rejection
(Weissman, 2000). Thus, ex-vivo expansion of progenitor cells
has become recognized as a critically important step in
translation to the clinic. Our ex vivo expansion technology
provides a sufficient number of progenitor cells for preclinical
evaluations, and expanded cells have been found to be
biologically functional in various ischemic and degenerative
models (Aggarwal et al., 2012; Das et al., 2009a,b). However,
their potential uses for wound healing and their underlying
mechanisms of action have yet to be established.

Herein, we show that NEHUCB-CD34+ cell therapy accel-
erates wound closure in NOD/SCID mice, consistent with
previous findings (Barcelos et al., 2009; Kim et al., 2010;
Sivan-Loukianova et al., 2003). We used immunocompromised
NOD/SCID mice for this study, as this mouse model is often
used for human cell transplantation due to lower allograft
rejection. This unique feature has led to thesemice to become
a well-established preclinical model for studying human
cell therapeutic efficacy for various disease states including
cutaneous wounds (Aggarwal et al., 2012; Grunewald et al.,
2006; Lu et al., 2013; Shultz et al., 2007). Although the
conditions generated in NOD/SCID mice do not recapitulate
the human condition exactly, this murine model has become
an important preclinical tool to avoid allograft rejection
(Monk et al., 2006). Cell-based therapeutic mechanisms
proposed in previous wound healing studies have primarily
focused on angiogenesis (Barcelos et al., 2009; Sivan-
Loukianova et al., 2003). We also find that NEHUCB-CD34+
cells enhance angiogenesis (Fig. 3) to facilitate faster wound
closure. This enhanced angiogenesis might be associated
with various secretory molecules, as it is evident that stem
cells secrete various growth factors such as VEGF, PDGF, and
IGF, which trigger angiogenesis (Barcelos et al., 2009; Duran
et al., 2013; Gnecchi et al., 2008). In addition, NEHUCB-CD34+



Figure 7 NEHUCB-CD34+ cells or IL-10 limit TNF-α-induced NF-κB activation and nuclear translocation. A. Western blot (WB)
analysis was performed for p-p65, p65 and β-actin using total protein collected from human primary dermal fibroblast cells cultured
in the presence or absence of NEHUCB-CD34+ cells (1:1 ratio, NEHUCB-CD34+ cells removed after co-culture) and with or without
TNF-α (10 ng/ml) for 30, 60, or 90 min. B. Similar analysis was performed for p-p65, p65 and β-actin using total protein collected
from human primary dermal fibroblast cells cultured in presence or absence of NEHUCB-CD34 negative (−) cells (1:1 ratio
and NEHUCB-CD34 (−) cells were removed after co-culture) and with or without TNF-α (10 ng/ml) for 30, 60, or 90 min. C. WB
analysis was performed for p-p65, p65, Lamin B (nuclear control) and GAPDH (cytoplasmic control) using nuclear and cytoplasmic
fractions collected from human primary dermal fibroblast cells cultured in presence or absence of NEHUCB-CD34+ cells
(1:1 ratio and NEHUCB-CD34+ cells were removed after culture) and with or without TNF-α (10 ng/ml) for 30, 60, or 90 min.
D. Immunofluorescence staining for p65 (green) was performed in human primary dermal fibroblast cells cultured in the presence
or absence of NEHUCB-CD34+ cells (1:1 ratio and NEHUCB-CD34+ cells were removed after culture) and with or without TNF-α
(10 ng/ml) for 60 min. E. WB analysis was performed for p-p65, p65 and GAPDH using total protein collected from human primary
dermal fibroblast cells cultured alone or in presence or absence of TNF-α (10 ng/ml) and with or without IL-10 (10 ng/ml) for 30,
60, or 90 min. Densitometric analysis of the targeted protein bands were performed and graphically presented relative to GAPDH
amount.
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cells have the ability to differentiate into endothelial cells
which also further facilitate angiogenesis (Das et al., 2009a).
Angiogenesis helps in bringing oxygen and nutrients to
the wound bed to facilitate the healing process. Thus,
NEHUCB-CD34+ cell therapy mediates granular tissue forma-
tion and consequent re-epithelialization, consistent with
previous studies (Gurtner et al., 2008).

Wound healing is enabled by efficient homing of NEHUCB-
CD34+ cells to the wound bed (Figs. 4A, B), which correlates
with our previous observations (Aggarwal et al., 2012;
Das et al., 2009a). The presence of a substantial number of
GFP + CD34+ cells (Fig. 4B) at the wound bed as early as 3 h
post-transplantation indicates an efficient homing effect,
which is mediated by the constitutive expression of a high
level of CXCR4 on NEHUCB-CD34+ cells after nanofiber-
expansion (Das et al., 2009a). In addition, the subsequent
decrease over time in the number of NEHUCB-CD34+ cells
observed in the wound bed indicates that cells do not
undergo in situ cell division.

Recruitment of immune cells and initiation of inflammation
are important steps in effective wound healing (Eming et al.,
2007). However, persistent inflammation actually inhibits the
healing process. Higher levels of pro-inflammatory cytokines
such as IL-1β, IL-6 and TNF-α are found in human chronic
wounds (Cooney et al., 1997; Elias et al., 1987; Maish et al.,
1998). Thus, managing persistent inflammation is critical
to achieving faster wound healing. In our current study, we
observe that NEHUCB-CD34+ cell therapy decreases expression
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of various pro-inflammatory cytokines in the wound bed
compared to controls, which correlated well with the in-
creased rate of wound closure (Fig. 5). This decline in cytokine
levels correlates with the previous report that cord blood-
mesenchymal stem cells (CB-MSC) treatment reduced the
production of inflammatory cytokines, IL-1β and IL-6 in a lung
injury model (Chang et al., 2009). Additionally, CB-MSC
therapy has also shown immunological and anti-inflammatory
properties in various in vivo models (Fiorina et al., 2011;
Francese and Fiorina, 2010). On the other hand, IL-10, one of
the best-known and -studied anti-inflammatory cytokines, is
required to negatively regulate inflammation. IL-10 targets
multiple pro-inflammatory mediators such as TNF-α, IL-6,
IL-1α, IL-1β, and chemokines (Lang et al., 2002). Additionally,
we have found that NEHUCB-CD34+ cell therapy significantly
increases expression of IL-10 in wound tissue, and might
contribute to reduced inflammation, which correlated with
earlier report where IL-10 overexpression contributed to
decreased inflammatory response and promoted regenerative
healing in murine wounds (Peranteau et al., 2008). Moreover,
our current study provides evidence that NEHUCB-CD34+ cells
express and secrete a higher amount of IL-10 (Figs. 6A & C).
Higher levels of IL-10 (Figs. 6B & D) are also observed
when NEHUCB-CD34+ cells are co-cultured with dermal
fibroblasts in the inflammatory milieu. These observations
strongly suggest that NEHUCB-CD34+ cell therapy induces IL-10
secretion, which has an inhibitory effect on the expression
of multiple pro-inflammatory mediators such as TNF-α, IL-6
and IL-1β (Bogdan et al., 1992; Fiorentino et al., 1991; Wang
et al., 1994).

In the context of inflammation, NF-κB (p65) activation plays
a central role in the regulation of pro-inflammatory cytokines
(Klement et al., 1996). Elevated levels of TNF-α contributed to
deficient healing as TNF-α upregulates its own synthesis and
induces the production of IL-1β and IL-6 in fibroblast cells
(Henry and Garner, 2003; Le et al., 1987; Mast and Schultz,
1996). We show that NEHUCB-CD34+ cell therapy suppresses
NF-κB activation (Fig. 7A) and nuclear-translocation (Figs. 7C &
D) in dermal fibroblasts, which correlates with the transcrip-
tional down-regulation of pro-inflammatory cytokines (Fig. 5)
in the wound bed. These observations are consistent with
previous findings of NF-κB-dependent regulation of the pro-
inflammatory cytokines (Baldwin, 1996; Wang et al., 1995). In
addition, rIL-10 significantly suppresses activation of NF-κB
(Fig. 7E), which not only correlates well with the previous
studies (Dhingra et al., 2009; Smallie et al., 2010), but also
suggests that suppression of NF-κB activation byNEHUCB-CD34+
cells (Fig. 7A) is part of the mechanism by which they
accelerate wound healing. These observations also correlate
well with earlier reports in which cord bloodmesenchymal stem
cells displayed several in vitro anti-inflammatory capabilities
(Fiorina et al., 2011; Francese and Fiorina, 2010).

In summary, herein we show that NEHUCB-CD34+ cell
therapy accelerates cutaneous wound closure in NOD/SCID
mice, providing further evidence that ex vivo expansion of
NEHUCB-CD34+ cells preserves their biological functionality.
In addressing the mechanisms by which NEHUCB-CD34+ cells
mediate wound healing, we find that NEHUCB-CD34+ cells
home to the wound site, enhance angiogenesis, down regulate
pro-inflammatory factors such as IL-1β, IL-6 and TNF-α,
and upregulate expression of the anti-inflammatory molecule
IL-10. NEHUCB-CD34+ cells suppress NF-κB activation and
nuclear translocation in dermal fibroblasts. Collectively, these
data provide the first mechanistic evidence into the inflam-
matory pathway by which NEHUCB-CD34+ cells mediate
efficient wound healing.
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