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Topical Application of Culture-Expanded CD34+
Umbilical Cord Blood Cells from Frozen Units
Accelerates Healing of Diabetic Skin Wounds in Mice
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ABSTRACT

Chronic and nonhealing wounds are constant health issues facing patients with type 2 diabetes. As
the incidence of type 2 diabetes mellitus (T2DM) increases, the incidence of chronic wounds and
amputations will rise. T2DM is associated with peripheral arterial occlusive disease, which leads to
the development of nonhealing skin ulcers after minor trauma. Patients develop severe pain limit-
ing their mobility and ability to work and take care of themselves, thus putting a significant burden
on the family and society. CD34+ cells from umbilical cord blood (UCB) grown in fibroblast growth
factor-4 (FGF-4), stem cell factor, and Flt3-ligand produced a population of cells that have the ability
to proliferate and develop properties enabling them to enhance tissue regeneration. The goal of
this study was to assess in vitro cultured CD34+ cells in a setting where they would eventually be
rejected so we could isolate paracrine signaling mediated therapeutic effect from the therapeutic
effect due to engraftment and differentiation. To achieve this, we used db/db mice as a model for
diabetic skin ulcers. Here, we report that in vitro cultured UCB CD34+ cells from frozen units can
accelerate wound healing and resulted in the regeneration of full thickness skin. This study demon-
strates a new indication for banked UCB units in the area of tissue regeneration. STEM CELLS
TRANSLATIONAL MEDICINE 2018;7:591-601

SIGNIFICANCE STATEMENT

This study demonstrates that therapeutic cells from frozen umbilical cord units can be expanded
ex vivo and retain their therapeutic properties. The cells were used to treat diabetic skin ulcers
and demonstrated faster wound closure and improved skin regeneration compared to controls.

INTRODUCTION stages. This results in the increased secretion
of pro-inflammatory cytokines. Furthermore,
during T2DM, there is evidence that diabetes
maintains M1 macrophages, responsible for
inflammation at the expense of supporting the
recruitment of M2 macrophages, which secrete
factors important for wound closure and angio-
genesis [2, 3].

Keratinocytes that are normally activated
to proliferate and migrate during wound heal-
ing are negatively affected by diabetes as
migration associated proteins are downregu-
lated. Endothelial cells and angioblast prolifera-

Patients with type 2 diabetes mellitus (T2DM)
are susceptible to nonhealing wounds due to a
reduced number of keratinocytes and fibro-
blasts, including a reduction in their migration
capabilities resulting in a prolonged inflamma-
tory phase, increased apoptosis, and decreased
vascularization. Normal wound healing is initi-
ated by neutrophil migration and platelet acti-
vation after exposure to the wound during
bleeding resulting in a fibrin clot being formed.
The subsequent release of cytokines that pro-
mote inflammation and leukocyte migration to

the injury site is important for recruiting mac-
rophages to clean up debris, keratinocytes to
initiate wound closure and fibroblasts to repair
the underlying dermis and promote angiogene-
sis [1]. Diabetes alters the timing and duration
of these events resulting in delayed early
inflammation followed by increased macro-
phage and neutrophil infiltration at later

tion and migration are also negatively affected
[4, 5]. Along with myofibroblasts, these cells
are a major source of new extracellular matrix
(ECM) that in turn provide the structure for
new dermal tissue and contractile tissue
required to stabilize and close the wound. The
new ECM is modeled by matrix metalloprotei-
nases (MMPs) and tissue inhibiting
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metaloproteinases (TIMPs). Similar amounts of MMPs and
TIMPs are optimal for tissue regeneration, but diabetes
increases the expression of MMPs and decreases TIMPs result-
ing in reduce amounts and quality of ECM [6].

Studies using a variety of different cells have demonstrated
that the addition of exogenous healthy cells can override the dia-
betes phenotype and enhance the regeneration of skin wounds
[7, 8]. For example, using rodent models of diabetic skin ulcers, it
has been demonstrated that the therapeutic ability of blood cells,
in part, is due to the CD34+ cell population [5, 9]. CD34+ cells
comprise hematopoietic stem cells, endothelial precursor cells
(EPC), and circulating angiogenic cells (CAC) [10]. The latter two
demonstrated strong paracrine signaling that promoted tissue
regeneration. The main hurdle to using CD34+ blood cells is their
low number. Umbilical cord blood (UCB) CD34+ cells make up
less than 0.5% of all mononucleated cells and even less in periph-
eral blood and bone marrow [11]. To circumvent the problem of
low CD34+ cell numbers in a UCB unit, we developed a method
to proliferate these cells from frozen units [12, 13]. It was impor-
tant to demonstrate the efficacy of frozen units since available
UCB units are stored frozen in public and private banks.

UCB is an ideal source of therapeutic cells as UCB units are
easily obtained, easily stored, and are a source of very young cells.
It has been previously reported that mesenchymal stromal cells
from bone marrow (BM-MSC) can enhance skin wound regenera-
tion [14]. Although MSC-like cells can be obtained from UCB, the
yield of these cells was low with only 50% of the units yielding
viable cells if they were processed within 15 hours of collection.
Furthermore, only 10% of frozen UCB resulted in viable MSC-like
cells [15-18]. Similarly, the recovery of EPC was high from fresh
UCB units (94%) but only 59% of frozen units [19, 20]. Thus, we
sought out an alternative cell source from UCB that could be ther-
apeutic [12, 13, 21]. We developed and described a methodology
to isolate highly therapeutic cells that can be recovered from
100% of the frozen UCB units. These cells are described elsewhere
but in summary they are not MSC but CD34+ blood cells that
have the ability to enhance tissue regeneration mainly through
paracrine signaling [21]. Being able to provide healthy donor cells
from frozen, banked UCB units is important since studies have
determined that age and disease state can adversely affect the
ability of autologous cells to contribute to tissue repair [4, 22-24].

We focused on CD34+ cells due to their reported thera-
peutic ability. Our culture conditions resulted in an expansion
of the total number of CD34+ cells. CD34+ cells were isolated
from frozen banked units of UCB and grown in media supple-
mented with fibroblast growth factor-4 (FGF4), stem cell factor
(SCF), and FIt3-ligand (FLT-3L). In previous studies, we have
reported on the regenerative capacity of in vitro grown UCB-
CD34+ cells. We refer to the cultured cells as multipotential
stem cells (MPSC). In a peripheral vascular disease (PVD)
model using NOD/SCID mice, we demonstrated the paracrine
signaling of the MPSC had a major role in tissue repair, along
with the ability of the cells to engraft and differentiate into
endothelial cells and smooth muscle cells [21]. In a non-
matched model for spinal cord injury, where engraftment did
not occur, we demonstrated that the paracrine signaling alone
was capable of reducing secondary injury and improve the
mobility of the injured mice [25]. MPSC also showed regenera-
tive properties when used in a model of bone regeneration
[26]. In the nonmatch setting, despite the fact the cells are
short lived, a positive effect is observed beyond the life of the

© 2018 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press

donor cells suggesting that the cells trigger a cascade of events
that helps to restore normal wound healing.

MATERIALS AND METHODS

UCB Cell Collection and Cell Preparation

Written consent for collecting and processing UCB was
obtained at the time of registration for the study. Qualified
hospital personnel, following protocols approved by the
human ethics committee of the Mt. Sinai Hospital, collected
UCB at the time of delivery. Pentastarch (Dupont, Wilmington,
USA) was added (1:5) and the sample spun at 50g for
10 minutes at 10°C to sediment the red blood cells (RBC). The
leukocyte rich plasma was centrifuged at 400g for 10 minutes
at 10°C to pellet the cells. The cell pellet was resuspended in
Iscoves Modified Dulbeccos Medium (IMDM) containing 10%
serum and mixed with an equal volume of cryoprotectant
(20% Dimethyl Sulfoxide/80% serum (heat inactivated/filtered),
step frozen and stored in liquid nitrogen until required [12].

MPSC from UCB

Our method to produce MPSC from frozen samples of UCB is
described in detail in other publications [12, 21, 25] and sum-
marized here. We used either the Miltenyi-MACS CD34+ selec-
tion kit, Bergisch, Germany or the Stem Cell Technologies
Stem-Sep kit, Vancouver, Canada to isolate CD34+ cells. CD34+
content was assessed using flow cytometry. The dead cell
removal kit was used prior to CD34+ selection. Only frozen
UCB units were used. Prior to the processing with the dead
cell removal kit and selection, frozen units were filtered
through a 70 micron mesh after thawing to remove clumps of
dead cells that may have accumulated during the freeze/thaw
process. Post column cells were seeded at 1 x 10° cells/ml in
FSFI medium (StemSpan media [Stem Cell Technologies] con-
taining IMDM, 1% bovine serum albumin (BSA), 10 mg/ml
insulin, 200 mg/ml human transferrin, 10™ M 2-mercaptoetha-
nol, and 2 mM L-glutamine. The media was supplemented
with 25 ng/ml SCF [R&D Systems, Minneapolis, MN], 25 ng/ml
FIt-3 ligand [FL; R&D Systems, Minneapolis, MN] and 50 ng/ml
Fibroblast Growth Factor-4 [FGF-4; R&D Systems, Minneapolis,
MN], 50 ng/ml heparin and 10mg/ml low density lipoprotein
[Sigma, Markham, Canada]). Fifty percent medium replace-
ment occurred every 48 hours. For all animal experiments
described here, the cells were used directly after 7-8 day cul-
ture in FSFI medium.

Flow Cytometry Analysis

Samples were stained with antibodies to CD34, CD38, and
CD45 (Beckman-Coulter, Burlington, Canada) and subjected to
flow cytometer analysis; Coulter-Epics (Coulter. Burlington,
Canada). Isotype controls were used in all cases. All samples
were labeled for 10-20 minutes at 4°C, washed, and fixed in
10% formalin, as per manufacturer's instructions.

BM-MSC Isolation

Written consent for collecting BM cells was obtained at the
time of registration for the study. Qualified hospital personnel,
following protocols approved by the human ethics committee
of the Princess Margaret Hospital, Toronto, collected bone
marrow aspirate from consented patients. Heparinized bone
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marrow was mixed with a double volume of phosphate-buff-
ered saline (PBS) and centrifuged at 900g for 10 minutes at
room temperature. Washed cells were resuspended in PBS at
1 x 108 cells/ml and layered over a 1.073 g/ml on Ficoll solu-
tion and centrifuged at 900g for 30 minutes. Mononuclear
cells were collected, washed, and resuspended in PBS and cen-
trifuged at 900g for 10 minutes at 20°C. Cells were suspended
in alpha Modified Eagles Medium (aMEM) (Life technologies,
Gaithersburg, MD, USA), supplemented with 5% fetal bovine
serum (FBS) and 1% antibiotic-antimycotic solution (Life tech-
nologies) and plated at 3 x 107 cells/175 cm?. Cultures were
maintained at 37°C in a humidified atmosphere containing 5%
CO,. When cultures reached 80% confluence, cells were
detached with 0.25% trypsin (GibcoBRL, Grand Island, NY,
USA) and replated (passaged) at 1 x 10° cells/175 cm?.
Medium was changed twice weekly.

In Vivo Studies

Wound Healing Model for Transplantation. Animals were
cared for and handled in accordance with the Canadian Council
on Animal Care and institutional guidelines (Toronto Centre for
Phenogenomics). db/db male mice (BKS.Cg-Dock7™ +/+ Lepr™/)
Stock No: 000642, Jackson Labs, Bar Harbor, USA) were ordered
in at 10 weeks of age and left for 2 weeks to acclimatize. Cages
were changed daily due to excessive urination caused by diabetes
symptoms. A splinted excisional wound model was used. Mice
were induced and maintained on Isoflurane anesthesia. An injec-
tion of buprenorphine was administered subcutaneously before
the procedure at a dose of 0.1 mg/kg. We choose to use bupre-
norphine because it lacks anti-inflammatory properties. The dorsal
surface of the mouse was shaved and a depilatory cream was
applied to completely remove the fur for better adherence of the
splint and Tegaderm. A donut shaped splint with an inner diame-
ter of 12 mm (0.5 mm silicone sheeting Grace Biolabs, Bent, USA)
was placed. A bonding adhesive (Vetbond, Maplewood, USA) was
used to fix the splint to the surrounding skin and 4 6-0 silk sutures
was placed around the silicon splint to help hold the splint in
place. A single full thickness wound (including the panniculosus
carnosus) was created within the positioned splint using a sterile
disposable 6 mm biopsy punch. Cells were applied to the surface
of the wound (overlay) or injected around the wound edge (1-3
million/20 pl) then covered with 20 ul of fibrin. The fibrin was
made just before use by mixing equal amounts of fibrinogen and
thrombin and transparent Tegaderm was placed over the splint.
Control animals received the vehicle of IMDM with 10% FBS fol-
lowed by fibrin and a tegaderm covering.

Monitoring of the Wound. Wounds were monitored by tak-
ing digital photos at day 0, 3, 7, and 14 using the Canon Power-
shot SX150IS, Toronto, Canada. Photos were taken with the
transparent Tegaderm dressing in place. Animals were
restrained by placing them on the grid of the cage and held by
the base of the tail. The silicon splints were used as a size refer-
ence when analyzing. Pictures were analyzed by drawing around
the wound margins and measuring pixel area using Image J.

Tissue Collection and Processing

At day 7, 14, and 23, mice were euthanized by CO, and tissues
were collected. The entire wound area and surrounding tissue
(including muscle layer below the subcutaneous layer) was
excised and placed in 10% neutral buffered formalin (NBF) for
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16 hours, washed in PBS, and then stored in 70% EtOH. Tis-
sues were routinely processed and embedded in paraffin. Tis-
sues were sectioned through the center of the wound and
5 um sections were prepared for routine H&E, Masson Tri-
chrome, Sirius Red stains, and immunohistochemistry. Slides
were visualized using a Hamamatsu Nanozoomer 2.0RS whole
slide scanning system at x20 (0.46 um/pixel) with the Nano-
zoom Digital Pathology view (NDP.view2) software, Hamama-
tsu, Japan. Pictures are at magnification x1.25 or x14. Some
tissue sections were photographed on a black background
prior to fixing to illustrate the thickness of the closure.

Immunohistochemisty

Nonspecific binding was blocked with 10% serum in PBS con-
taining 0.1% Triton X-100 (Sigma) for 240 minutes at room
temperature. After a brief wash in PBS after the blocking, pri-
mary antibody was applied (solution 1:100) for overnight incu-
bation at 4°C. Sections with omitted primary or secondary
antibody were used as another type of negative control in
each experiment. After five washes for 15 minutes in PBS, the
secondary antibody was applied at 1:500 dilution for
60 minutes at room temperature. Slides are then washed six
times for 15 minutes in PBS. 4',6-diamidino-2-phenylindole
(DAPI) (Sigma) staining (nucleus) at 2 pg/ml for 2 minutes was
followed by 5 minutes wash in PBS. Slides are mounted with
50% glycerol in PBS with 1,4-diazabicyclo[2.2.2]octane
(DABCO) (Sigma) at 100 mg/ml.

Primary antibodies were Laminin (Rabbit IgG-Abcam-ab11575,
Cambridge, UK), Cytokeratin-6 (Rabbit IgG-Covance-PRB-169P,
Battlecreek, USA), and R-Catenin (Rabbit polyclonal-Santa Cruz-
SC7199, Santa Cruz, USA), Collagen IV (Rabbit IgG-Abcam-
ab6586). Secondary antibodies were anti-rabbit-594 (red)
Invitrogen-A21207, Carlsbad, California, anti-rabbit-488 (green)
Invitrogen-A21206. Slides were examined on Zeiss Axioplan
Photomicroscope, Toronto, Canada, equipped with epifluores-
cent ultraviolet light and corresponding excitation and barrier
filters. Pictures were taken on a Nikon Coolpix4500 digital cam-
era, Minato, Japan or Zeiss microscope with camera.

Masson Trichrome Stain

Slides were stained as per standard protocols: Nuclei—black,
Muscle, RBC's, Fibrin—red, Collagen—green [27].

Sirius Red Staining

Slides were stained as per standard protocols. Collagen, reticu-
lin, basement membrane—red, Large fibers—yellow or orange
Birefringence, Thin fibers—green birefringence, Nuclei—Dblack,
Elastin, Muscle, cytoplasm—yellow [28].

Statistical Analysis

Sample size was chosen prior to the start of this study based
on preliminary studies to determine adequate numbers
required to reach statistical significance. Sample sizes are
noted in the “Results” section and figure legends. The data
was subjected to a one-way analysis of variance (ANOVA)
using the Prism Graph Pad program. This test compares paired
groups with multiple members over time, and any mice that
were not measured at every time point were excluded from
the analysis. A Student t test was also used. Total mice
included per group per test are indicated in the figure legends.
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Figure 1. Growth characteristics of CD34+ cells during in vitro culture. CD34+ cells isolated from frozen umbilical cord blood units will
proliferate in a defined culture supplemented with FGF4, stem cell factor, and Flt3-ligand. A 100% stacked line graph is used to show the
changes in the four populations of cells (CD34+/CD38-, CD34+/CD38+, CD34-/CD38+, CD34-/CD38-). Over time the CD34+ cells are lost
during culture. (A): During the first 4-8 days of culture, the enriched population of CD34+ cells was preferentially maintained in culture
as observed by an increase in the proportion of CD34+ cells within the population. During this time, the whole population will expand
10-fold. (B): The same trend is shown with a sample group of n=10. The total number of CD34+ cells increases from day 0 to day 7 and
were maintained at ~80% until day 14 and then declined. At day 21 (red arrow), the total CD34+ was ~40% of the population. By day

70, the proliferation rate has declined and most cells had lost CD34 expression.

A probability (p) value <.05 was considered significant. Test
used is indicated in the text.

RESULTS

UCB CD34+ Cell Expansion

The source of UCB units for regenerative medicine will be
from the frozen units stored in public and private stem cell
banks. This study focused on in vitro cultured CD34+ cells from
frozen UCB units. Previously, we have reported on in vitro cul-
ture conditions that result in the proliferation of CD34+ cells.
Eight days of culture was optimal for maintaining a high fre-
quency of CD34+ cells and an 8- to 10-fold expansion of the
total cell population. Data from 10 UCB units showed the col-
umn selected CD34+ population had an average frequency of
70% (+20%). This included both CD34+/CD38- and CD34+/
CD38+ cells. The double positive cells are considered to be dif-
ferentiating cells. The CD34+ cells were cultured in an opti-
mized growth media consisting of Stem Span base medium
(Stem Cell Technologies), supplemented with FGF4, SCF, and
FLT-3L. The growth conditions were developed empirically
from a larger set of growth factors. Derivation of the opti-
mized growth conditions have been previously published [12].
The cells in this experiment were grown for a 7-8 day period
as this was optimal for the expansion of CD34+ cells. An exam-
ple of one unit with 87% CD34+ cells maintained high levels of
CD34+ cells through to day 8, although by day 8 the frequency
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of CD34+ cells was declining (Fig. 1A). The growth characteris-
tics of CD34+ cells from 10 UCB units showed that the CD34+
cells peaked at day 7 and were maintained to day 14. The
average CD34+ cell content was 70% + 10% with the CD34+/
CD38- cells comprising 55% +5% of the total. More mature
CD34 cells (CD34+/CD38+) were present at day 14 compared
to day 7 indicating that the cells were differentiating in cul-
ture. We assumed the CD34+ cells followed the typical
reported differentiation pattern so the CD34+/CD38- where
the most immature and represented blood progenitor cells,
while the CD34+/CD38+ and CD34-/CD38+ were in the lym-
phoid progenitor group. The double negative cells were matur-
ing lymphoid and myeloid cells. We did not stain for CD33, a
marker of myeloid cells here, but we give a more extensive
description of the cells in previous reports [12, 13, 21]. The
differentiation continued throughout the culture period with a
rapid loss of the CD34+ cells as they matured. By day 70, few
CD34+ cells were present and the proliferation rate of the
whole population also declined (Fig. 1B).

In Vitro Cultured CD34+ Cells Enhance the Rate of
Wound Healing

Open skin wounds allow for the application of cells topically
and we hypothesized that topical delivery would condition the
wound bed and possibly encourage full thickness skin repair.
In order to test this hypotheses, a full thickness skin excision
wound of 6 mm diameter was made on the back of db/db
mice. db/db mice were chosen because they show diabetic

STEM CELLS TRANSLATIONAL MEDICINE
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symptoms throughout life such as excessive urination and high
blood glucose levels whereas Nonobese Diabetic mice do not
develop diabetes until later in life [29]. The excisional wound
on the back was prevented from contracting by the addition
of a splint. This limited the wound closure to the re-epitheliali-
zation of the wound in a manner similar to human wound clo-
sure. One million cultured cells were applied to the wound
and overlaid with fibrin and tegaderm. The wounds were mea-
sured and at the end of the experiment the wound area was
excised, fixed and embedded for analysis. A subset of mice
was sacrificed at day 3 and day 7 to determine if the cells
were still present. Since the db/db mice have a functional
immune system and would reject the cells, as expected no
cells were present in any of the mice tested at day 7 (n =3).

The topical-applied cells treated group (n=25) showed a
faster wound closure compared to the vehicle-control (n=23).
Mice terminated at day 7 for histological analysis were
excluded from the statistical analysis. The difference in the
rate of wound repair for the MPSC group was statistically sig-
nificant (p <.05) for days 3, 7, 10, and 14 post-treatment, con-
firming that over the 14-day study period the MPSC topical
group had faster wound repair compared to the nontreated
controls (Fig. 2A).

Our cohort of mice had a range of weights between
34 and 55 g, with the heavier animals in the control group
demonstrating slower wound closure compared to the whole
group (compare non-cell treated controls in Fig. 2B to Fig. 2A).
In order to determine if the MPSC maintained their therapeu-
tic ability for heavier animals with compromised wound regen-
eration, we analyzed the data from the heavier subgroup (45—
50 g) (Fig. 2B). Mice were age matched (12 weeks) and the
nontreated control group (45-50 g, n = 13) and the MPSC-trea-
ted group (45-50 g, n=10) were compared for the rate of
wound healing. The MPSC treated group resulted in an accel-
erated wound closure compared to the nontreated controls.
The difference in wound closure rate was significant at day
3,7,10, and 14 (p<.5).

In a separate study, we compared 1 million BM-mesenchy-
mal stromal cells (n=10) to 1 million MPSC (n=15) and to
vehicle controls (n=14). Both the BM-MSC and the MPSC
showed statistically significant improvement in the rate of
wound healing compared to the controls (p<.5). Each cell
type enhanced wound closure at a similar rate to each other
(Fig. 2C).

Characterization of the Tissue Structure of MPSC
Treated Wounds

The rate of wound closure was accelerated in treated animals
with 1 million cells and close examination of the wounds indi-
cated that repair-initiated events such as clot formation, neu-
trophil migration, and keratinocyte migration were similar for
both control and UCB treated groups, but the control animals
never completed repair of the wounds. Immunohistochemistry
of MPSC treated wounds at day 7 reinforced that the wounds
were undergoing normal tissue regeneration (Fig. 3). H&E
staining and immunofluorescence (IF) labeling of MPSC treated
wounds revealed proliferating epidermal cells at the edge of
the wounds and migrating across the wound opening. A cross
section of the wound stained by H&E (Fig. 3A, 3B) and IF with
anti-cytokeratin-6 antibody (Fig. 3C, arrowhead), shows
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Figure 2. Efficacy of MPSC treatment. Injured mice received
MPSCs applied topically to the wound. Control animals were
injured but did not receive cells. (A): Topical application of MPSC
(n=25) resulted in faster wound closure when compared to con-
trols (n=23) (*, p<.05). (B): Analysis of the heavier, diabetic sub-
group of db/db mice revealed that the topical applied MPSC (n =
13) enhanced wound repair compared to a weight matched con-
trol group (n=10), indicating the MPSC work well even within a
severe obese environment. (C): Bone marrow MSC (n=10) were
compared to MPSC (n=15) and nontreated controls (n=14). The
MPSC and BM-MSC showed similar rates of healing and both were
significantly different from the controls. Values are expressed as
percentage of original wound (100%) + SEM. *, p<.05. p values
were determined by two-way ANOVA and Bonferroni post-test.
Abbreviations: ANOVA, analysis of variance; BM- MSC, mesenchy-
mal stromal cells from bone marrow; MPSC, multipotential stem
cells; MSC, mesenchymal stromal cells.
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Figure 3.

activated keratinocytes in the hair follicle and accumulating at
the wound edge in the proliferation zone.

Within the proliferating zone and the epithelial tongue
stretching across the wound, we observed ECM and basement
membrane proteins in the UCB treated wounds. Collagen IV, a
basement membrane protein, was observed in new tissue
being produced at the wound edge and underlying the migrat-
ing keratinocytes (Fig. 3D). Lamina, another basement mem-
brane protein that is also found in the ECM during wound
repair, can be observed in the epithelial tongue in the migrat-
ing keratinocytes as well as in the underlying connective tissue
layer (Fig. 3E).

We also observed B-catenin expression overlapping with
the proliferating and migrating epithelial cells. Increased levels
of B-catenin normally are found in the maturing keratinocytes
as observed for the MPSC treated wounds (Fig. 3F). Non-
treated wounds (control) demonstrated similar IF staining pat-
terns for Cytokeratin-6 and R-Catenin as the MPSC treated
wounds at day 7 (Fig. 3G, 3H).

However, wound repair is not sustained in the nontreated
group based on inferior wound repair observed at days 14-23
when compared to that of the UCB-treated group (Fig. 4). At
day 7, the control and UCB treated wounds displayed a thick-
ening around the wound edge with the UCB group demon-
strated an advancing band of cells (Fig. 4A). At day 23, the
wounds were excised and placed onto a black surface and
photographed. On day 23, wounds in both groups were fully
covered; however, the wound gap in the control was thin and
almost transparent whereas the gap in the MPSC treated
wound was thick and solid (Fig. 4B).

Histological analysis of representative tissue from controls
and topical MPSC on day 23, using H&E, Mason Trichrome and
Sirius Red staining, revealed a spectrum of tissue regeneration.
We also include mice treated with MPSC but the 1 million cells
were injected around the perimeter of the wound in four
places (Fig. 5). These mice acted as controls as they received
cells that were in close proximity to the wound but the cells
were not in contact with the wound bed. The injected-treated

Figure 3. Protein expression indicating the activation of keratino-
cytes and granulation tissue formation was observed in multipo-
tential stem cells (MPSC) treated wounds. (A, B): Cross section of
a topical MPSC treated wound (1 million cells) stained with H&E
at day 7 reveals keratinocytes migrating across the wound and
underlying extracellular matrix (ECM) formation (arrowhead). (C):
A serial section of the same tissue stained with an anti-Cytokera-
tin-6 antibody with a red fluorescent secondary antibody shows
the induction of Cytokeratin-6 (red) expression in activated kerati-
nocytes observed in the hair follicle (arrow) and the proliferating
basal layer. (D): Collagen IV (green-fluorescent secondary anti-
body) is observed in proximity to the fibroblasts in the granulation
tissue. (E): Laminin (green-fluorescent secondary antibody), a com-
ponent of the ECM in healthy skin, is expressed by keratinocytes
and fibroblasts during wound healing and can be seen throughout
the new tissue being produced. (F): B-catenin (green-fluorescent
secondary antibody) is also expressed by activated keratinocytes
and is expressed in a pattern similar to Cytokeratin-6. (G, H): The
control mice at day 7 also demonstrated Cytokeratin-6 (red-fluo-
rescent secondary antibody) and B-Catenin (green-fluorescent sec-
ondary antibody) staining. The day 7 control wounds display a
similar pattern as topical MPSC treated wounds at day 7. Despite
similar initiation of wound repair, the regeneration of the control
tissue is not sustained, as tissue samples on day 23 did not show
the same rate of wound closure as MPSC-treated wounds. (Refer
to Fig. 1). Magnification is the same for all pictures. Bar =250 um.
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A

CONTROL

MPSC

Figure 4. Gross tissue analysis of wounds at day 23 reveals a difference in the quality of the new tissue. Full thickness skin wounds were
generated using a 6 mm biopsy punch. The wound was allowed to heal through re-epithelialization by the addition of a splint to prevent
the wound edges from migrating together. (A): A white plaque of tissue (considered advancing epithelial tissue) is evident in the wound
edge at day 7 for the MPSC treated wound (arrow). At day 23, both control and treated wounds are fully covered. (B): Wounds were
excised at day 23 and photographed on a black background. For the control wound, the black background could be observed at the cen-
ter of the wound indicating a thin covering while for the MPSC treated wound the black background is not observed indicating a thicker

layer of tissue. Abbreviation: MPSC, multipotential stem cells.

mice failed to enhance wound closure and were similar to the
controls (Supporting Information Fig. S1). The nontreated
wound and the MPSC injected wounds looked similar. A kera-
tin layer was observed over a thick epidermis layer. The under-
lying dermis was thick and exuberant in both groups,
consisting of a thick layer fibroplasia characterized by numer-
ous fibroblasts/fibrocytes and collagenous matrix (Fig. 5A, 5B).
Neither the nontreated or injected MPSC mice had regener-
ated hair follicles, sebaceous glands, or panniculus carnosus. In
contrast, the MPSC topical treated wounds display a well-orga-
nized epidermis and dermis with clusters of epithelial cells that
occasionally contain melanin-like pigment, hence were inter-
preted as regenerating adnexal structures (Fig. 5B-Topical-
H&E-arrows). Similar to the uninjured skin, the MPSC topical
treated wounds also have reformed the panniculus carnosus
and underlying adipose (compare wounds to uninjured skin
Fig. 5B).

DiscussION

It has been hypothesized that the initiation of epithelial
wound repair is due to the activity of endogenous EPC, CAC,
and MSC, but these cells from patients with tissue ischemia
have a reduced capacity to initiate tissue repair and this inca-
pacitation is further aggravated in elderly patients and patients
with diabetes. Nonhealing skin wounds experienced by type
2 diabetic patients can progress to amputation or death if not
treated properly. The proper management of T2DM will slow
down the progression of skin ulcers and tissue ischemia but
for advanced disease there are limited options. Current treat-
ment procedures for chronic wounds include debridement,
reduce pressure on weight bearing wounds, the use of dress-
ing, including ones that contain ECM proteins and in severe
cases, skin grafting or tissue flaps are used [30, 31].

www.StemCellsTM.com

In this report, we tested the regeneration capacity of
MPSC from UCB in a mouse model where the cells are present
for a limited time. db/db mice provided us with a diabetic
environment in a fully functional immune system thus making
the diabetic wound model similar to an unmatched allogeneic
setting for human patients. This model allows for the determi-
nation of the tissue regeneration properties of MPSC by the
paracrine signaling mechanism only as unmatched cells are
eventually eliminated by the mouse immune system.

MPSC Demonstrate Therapeutic Properties in an
Unmatched Model of Diabetic Wound Healing

Studies have indicated that using healthy, young donor cells
would result in better tissue repair than using autologous cells
from the patient. Thus, determining the validity of using allo-
geneic cell-based therapies for the treatment of nonhealing
wounds is required. Animal models of limb or cardiac ischemia
and human clinical trials have determined that disease and
age can adversely affect the efficacy of autologous cells used
for treatment. Using a hind limb femoral artery ligation model,
Zhou et al. [24] demonstrated that cells from aged rats had a
50% reduction in EPC and a comparable reduction in levels of
vascular endothelial growth factor (VEGF) and bFGF. Sugihara
et al. [32] demonstrated that aged mice developed a
decreased neovascularization response to ischemia compared
to young mice due to a decrease in the migratory capacity of
their monocytes. The transplantation of young BM cells into
old mice with hind limb ischemia improved both neovasculari-
zation and increased VEGF levels resulting in improved blood
flow [33, 34]. Another study found that patients with critical
limb ischemia had reduced EPC in their peripheral blood com-
pared with healthy individuals [35]. Similar findings have been
reported from patients with diabetes [22, 36].
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Figure 5. Topical application of multipotential stem cells (MPSC) results in a better quality regeneration of the skin. Histological analysis
of the wounds demonstrated that topical MPSC treated wounds result in superior healing compared to injected MPSC and controls. (A):
Comparison of wounds harvested at day 23 from no treatment (control), injected MPSC and topical applied MPSC, demonstrate better
skin architecture for the topical treated wounds. Arrows depict wound edges. Both no-treatment and injected have a thick epidermis and
fibroplasia in the dermis (compare to the Topical treated skin-H&E stain) Bar =50 pum. (B): Mason-Trichrome stain displays Keratin (red),
Collagen (blue), Erythrocytes (orange), and Muscle (red). Sirius Red staining displays Keratin (yellow), Collagen (red), Erythrocytes (yellow),
and Muscle (yellow). At day 23 postinjury the amount of cytokeratin, by visual observation, is similar between all three treatment groups,
but the remodeling of the wound is more advanced in the topical treated wound with the appearance of organized layers of epidermis
(E), dermis (D), hypodermis (H) including adipose (A), panniculus carnosus (P) blood vessels (BV), and regenerating hair follicles (arrows-
H&E). The control and injected group also lack the panniculus carnosus layer, blood vessels and have no regenerating hair follicles. Com-
paring the topical treated skin to uninjured skin reveals that nascent hair follicles (arrows-H&E) are forming in the topical treated wounds
indicating that by day 23 tissue remodeling is not complete. Bar =250 um.
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Although many studies have determined that specific cells
within our bodies have the ability to induce tissue regenera-
tion, we can only use this ability to a limited extent. When tis-
sue specific stem or progenitor cells that are responsible for
normal tissue homeostasis are transplanted into damaged or
ischemic tissue, they initiate regeneration. This suggests that
the properties of the niche remain intact and can sustain tis-
sue repair and that in disease states such as diabetes, the
rate-limiting step maybe the intrinsic properties of the resi-
dent tissue stem or progenitor cells [4, 23, 37-39]. This is sup-
ported by our previous study where we used MPSC to treat
PVD in Non obese diabetic/severe combined imunnodeficient
(NOD/SCID) mice. In that study, the mice did not reject the
human MPSCs so both paracrine signaling and engraftment
and differentiation of the MPSC occurred. We observed
increased blood flow and vascularization in the treated ani-
mals with some of the new tissue composed of human cells.
Taken together, both direct engraftment and paracrine signal-
ing from the MPSC contributed to tissue regeneration [21].

Although UCB is a potential source of therapeutic CAC,
MSC, and EPC [16, 40, 41] that contribute to tissue regenera-
tion through paracrine signaling and engraftment, our model
of diabetic wound healing using unmatched donor cells allows
only the paracrine signaling to be effective. MPSC secrete a
wide range of chemokines and cytokines. Our previous studies
demonstrated that the most abundantly secreted factors are
ones that reduce inflammation, increase vascularization, and
are anti-apoptotic [21].

Quality of Wound Healing

In order to properly assess the therapeutic effect of MPSC, we
considered the strain of the mouse used and the disease being
treated. db/db mice on a C57BI/6 background is a standard
model for investigating the ability of donor cells to enhance
diabetic wound healing [42]. Using human cells and db/db
mice that have a fully functioning immune system was analo-
gous to an unmatched human diabetic model. Analyzing with
an antibody to human mitochondria to detect human cells, we
demonstrated that although the MPSC were rejected within
~7 days as expected (data not shown), the cells still had a sig-
nificant positive effect on wound healing similar to our previ-
ous observation using MPSC to treat spinal cord injury, PVD,
and bone regeneration [21, 25, 26].

Microscopic assessment of tissue sections from day 7, 14,
and 23 control and MPSC treated mice revealed key protein
expression and distribution patterns that indicate the addition
of MPSC improves the rate and quality of the new tissue. The
MPSC treated tissue was organized into multiple layers indica-
tive of normal skin architecture. In contrast, nontreated
wounds were covered by a thin layer of epidermis (day 7) and
a thick layer of dermis consistent with fibroplasia (fibroblasts
and Collagen) without organization (day 23).

IF analysis of the wounds revealed that the MPSC sup-
ported the normal mechanism of wound repair as demon-
strated by the presence of B-catenin, Laminin, Cytokeratin-6,
and Collagen IV. During wound repair, intracellular calcium
levels regulate the activation of immature keratinocytes in the
hair follicle by activating the wnt/R-catenin signaling path,
which induced the keratinocytes to migrate from the hair folli-
cle to the edge of the wound [43]. Analysis of the wounds by
IF revealed that RB-catenin is expressed in the proliferating
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zone-epidermal cells at the wound edge and in the epithelial
tongue. The activated keratinocytes also express Cytokeratin-
6. Cytokeratin-6 is not expressed in healthy skin but during
wound healing the normally nonproliferating epidermal cells in
the spinous and granulous layers will express cytokeratin-6.
The activated keratinocytes appear to originate from the hair
follicle [44, 45] as observed in our study and migrate to the
wound edge to form a thick epidermal layer over the newly
formed granulated tissue.

Below the keratinocyte layer were proliferating fibroblasts
that produce basement membrane and ECM proteins that
form the bases of new granulation tissue. The basement mem-
brane is a layer of specialized ECM that separates the epider-
mis from the dermis and normally expresses a unique set of
proteins. Laminin is only found in the basement membrane in
healthy skin but during wound healing both keratinocytes and
fibroblasts produce Laminin which is deposited in the base-
ment membrane and the ECM as observed in the MPSC trea-
ted wounds at day 7. Over time the ECM is remodeled and
Laminin is then found restricted to the basement membrane.
Laminin has important roles in wound healing that include
providing structure for the new skin, anti-microbial activity
and Laminin acts as a chemoattractant for monocytes and pro-
motes keratinocyte migration during the early stages of wound
regeneration [46]. The fibroblasts also produce Collagens that
are a main source of ECM proteins of granulation tissue. Simi-
lar to Laminin, the ECM and basement membrane have dis-
tinct Collagen compositions. Collagen | is a component of the
ECM while Collagen IV is found in the basement membrane
and has a role in keratinocyte growth and differentiation.
Studies have demonstrated that Collagen IV has a role in pro-
moting normal skin organization [47, 48]. Studies that plated
human keratinocytes on polycarbonate coated with Collagen
IV, demonstrated that polarized epithelial tissue was formed
including a spinous layer, a thin layer of stratum granulosum
and stratum corneum. When Collagen |, which is not a compo-
nent of the BM was used as a coating, the formed tissue was
less organized and did not develop fully. This emphasizes the
importance of Collagen IV in the development of organized tis-
sue during wound regeneration [49], as we have observed in
MPSC treated wounds at day 7. All of the controls consisted of
media (no cells) overlaid with Fibrin that could possibly act as
a scaffold for endogenous migrating neutrophils and keratino-
cytes, but surprisingly, on its own, did not provide the same
therapeutic benefit as when MPSCs were present.

CONCLUSION

We have demonstrated that placing MPSC directly on the
wound, compared to nontreated controls, resulted in superior
tissue regeneration. Furthermore, use of an unmatched model
demonstrated that MPSC could initiate tissue regeneration
that is maintained after the cells are eliminated; hence under-
lying the importance of paracrine signaling. Although both
direct engraftment and paracrine signaling mechanisms con-
tribute to tissue regeneration, paracrine signaling from MPSC
can lead to improved healing even when it is the only mecha-
nism available. Furthermore, expansion of cells during the pro-
duction of MPSC could result in a sufficient number of cells for
multiple treatments from a single UCB unit. Since we are able
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to achieve a 10-fold expansion of cells during an 8-day culture,
an average cord blood collection would generate over 10°
MPSC, which would be adequate for the treatment of up to
three hundred 1-cm? wounds [7, 11, 25, 50].
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