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FIG. 7. Post-QQc diabetic progenitor cell therapy increases cellular proliferation in the wound. The left and middle graphs show the number of
PCNA-positive cells in the wound per HPF on day 7, day 14, and day 21 in the following treated groups: PBS vs. freshly isolated diabetic cells (FD;
left), QD vs. FC (middle). The right bar graph shows the number of PCNA-positive cells in the wound per HPF on day 21. *P < 0.05.

Kwon et al. (6) QQc is a serum-free culture system recently
developed and reported by our group (27). QQc is a func-
tional culture system that not only increases the number of
EPCs but also increases the population of differentiated
colony-forming EPCs (i.e., vasculogenic EPCs). Our in
vitro experiments demonstrate that QQc significantly in-
creases diabetic EPC cell number, definitive colony for-
mation, and tubulization. Because QQc not only increased
the number of diabetic EPCs but also restored their func-
tion to the level of control EPCs, we tested the effects of
QQc diabetic EPCs ex vivo—expanded cells on wound clo-
sure. We used a stented wound closure model to minimize
the effects of wound contracture (35). To focus our in-
vestigation on the function and efficacy of post-QQc di-
abetic EPCs compared with fresh healthy allogeneic EPCs,
we selected a euglycemic wound closure mice model. We
hypothesized that the use of a euglycemic recipient would
eliminate the effect of confounding variables present in
a diabetic recipient model.

Because new blood vessel formation is crucial for suc-
cessful wound healing, we hypothesize that DMgq. ther-
apy leads to accelerated wound closure by enhancing
vasculogenesis (36). CD31 staining demonstrated that
post-QQc diabetic EPC treatment increased wound vas-
cularity compared with freshly isolated diabetic EPC
treatment and control groups at all time points. Moreover,
as demonstrated previously by Masuda et al. (27,29), be-
cause QQc increases the number of dEPC-CFUs (ie,
vasculogenic EPCs) and dEPCs more readily form new
vessels (compared with pEPCs), we hypothesize that they
are the vitally important EPC fraction mediating the ther-
apeutic vasculogenesis observed in our in vivo experiments.
Collectively, our findings suggest a potential mechanism by
which DMgq. EPCs accelerate wound closure; transplanted
post-QQc EPCs accelerate wound closure by forming tubules
and inosculating with existing vasculature. This idea is fur-
ther supported by the finding that GFP-labeled KSL cells in-
corporated into the native vascular network.

Enhanced new blood vessel formation may accelerate
wound closure in a number of different ways. We found that
DMgq. therapy significantly enhanced the percentage of ma-
ture collagen in the wound. Interestingly, post-QQc diabetic
EPCs exhibit significantly higher CD29mRNA expression
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compared with fresh diabetic EPCs. Recently, it was
reported that CD29 directly influences growth factor signal-
ing and promotes fibroblast migration (37). Together with the
PCNA data, we hypothesize that DMgq. stimulates fibroblast
migration to the wound and accelerates wound closure.
To confirm the efficacy of QQc therapy in diabetic mice,
we injected pre-QQc and post-QQc control and diabetic
KSL cells to a full-thickness wound in STZ-induced glyce-
mic diabetic mice. The results indicated that accelerated
wound healing was seen only in post-QQc control KSL
cell-treated group. The pre-diabetic and post-diabetic QQc
KSL cells group, pre-QQc control KSL cells group, and the
PBS-treated group demonstrated the same percent wound
closure at all times from day 3 to day 21. In other words,
the healing of post-QQc diabetic KSL cells in eugylcemic
wounds was not seen in a diabetic condition. We assume
from this result that hyperglycemic conditions of diabetic
mice may have deteriorated the function of post-QQc di-
abetic KSL cells. Because post-QQc diabetic KSL cells
have a highly therapeutic effect in euglycemic conditions,
we believe that QQc therapy may be effective in euglyce-
mic diabetic patients, i.e., patients with controlled blood
glucose levels (blood glucose <8 mmol/L or <140 mg/dL)
according to the practical guidelines on the management
and prevention of diabetic foot (38). Our data are similar,
and we daily treat diabetic patients with chronic wounds and
high blood glucose. Many previous reports have shown
that one of the standards of care for diabetic wounds
involves systemic glucose control, and effective wound
healing cannot be expected for uncontrolled diabetes even
with highly effective therapy. Our results for EPC therapy
for uncontrolled diabetic mice show that the condition of
the host has a great impact on deterioration of the cells
being administered, and we believe that “metabolic mem-
ory” and epigenetic modification by hyperglycemia are
possibilities for why this is. In euglycemic diabetic patients
the efficacy of EPC therapy for wound healing is limited
because of autologous EPC vasculogenic dysfunction, as
shown in our previous report (24). We believe that present
EPC therapy with application of autologous dysfunctional
EPC may not be effective even for diabetic patients with
controlled glucose. The application of QQc in these pa-
tients may be the key for highly therapeutic autologous
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FIG. 8. Efficacy of post-QQc diabetic progenitor cell therapy is deteriorated by diabetic condition. A: Representative images show wound healing in
STZ-induced diabetic mice treated with PBS, before and after control, and treated with diabetic QQc cells. Wounds were photographed at the times
indicated, from day 0 to day 21. B: The graph shows the comparison of percent wound closure between post-QQc control cell (QC)-treated vs.
freshly isolated control cell (FC)-treated vs. PBS-treated groups. QC indicated significant percent wound closure compared with FC and PBS on
day 14 (QC: 73.60 = 3.69 vs. FC: 55.02 = 3.61 vs. PBS: 58.98 * 5.86%; P < 0.05) and day 21 (QC: 96.34 = 1.52 vs. FC: 82.29 * 4.72 vs. PBS: 84.01 =
2.28%; P < 0.05). The wound closure between FC and PBS was similar without any significance. C: The graph shows the comparison of percent
wound closure between QD-treated vs. freshly isolated diabetic cell (FD)-treated vs. PBS-treated groups. There was no significant difference

between the three compared groups at all time points. *P < 0.05.

diabetic EPC therapy. To test our hypothesis, we have
tried to establish a stented wound healing model of insulin-
treated STZ diabetic mice with controlled glucose levels
and treated these mice with diabetic pre-QQc and post-
QQc KSL cells. Unfortunately, the model was difficult to
establish because of the many interventions on the mice.
Therefore, this hypothesis remains to be proven.

Another limitation of our study includes not knowing the
exact mechanism of how QQc restores the vasculogenic
dysfunction of diabetic EPCs. We recently have looked
into the effect of QQc on oxidative stress of control and
diabetic BM KSL cells and found that QQc relieves oxi-
dative stress on both control and diabetic BM KSL cells
(data not shown). However, this was not the specific
mechanism for restoring diabetic BM KSL dysfunction.
We plan to investigate further in a future study.

In summary, we have demonstrated that QQc not only
restores diabetic EPC function but also achieves supra-
physiologic EPC vasculogenic function in vitro and in vivo.
Because QQc is serum-free and rapidly expands the
number of diabetic EPCs, this system may facilitate cell-
based therapies for diabetic patients. Although this study
has limitations regarding future clinical applications for
diabetic patients, this study can be considered the first
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step in establishing an ideal cell-based therapy for diabetic
patients. Moreover, the rapidly expanded post-QQc EPC
population could be aliquoted, cryopreserved, and used
again for metachronous wounds or other ischemic con-
ditions (e.g., myocardial ischemia).

Conclusions. Here, we demonstrate that a novel serum-
free QQc system expands the number of cells and enhan-
ces the vasculogenic and therapeutic potential of diabetic
EPCs. We hypothesize that adoptive post-QQc diabetic
EPC therapy may be an effective cell-based therapy for
nonhealing diabetic wounds.
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Enhanced Survival of Transplanted Human Induced
Pluripotent Stem Cell-Derived Cardiomyocytes by the

Combination of Cell Sheets With the Pedicled Omental Flap
Technique in a Porcine Heart

Masashi Kawamura, MD; Shigeru Miyagawa, MD, PhD; Satsuki Fukushima, MD, PhD;
Atsuhiro Saito, PhD; Kenji Miki, PhD; Emiko Ito, PhD; Nagako Sougawa, PhD;
Takuji Kawamura, MD; Takashi Daimon, PhD; Tatsuya Shimizu, MD, PhD; Teruo Okano, PhD;
Koichi Toda, MD, PhD; Yoshiki Sawa, MD, PhD

Background—Transplantation of cardiomyocytes that are derived from human induced pluripotent stem cell-derived
cardiomyocytes (hiPS-CMs) shows promise in generating new functional myocardium in situ, whereas the survival and
functionality of the transplanted cells are critical in considering this therapeutic impact. Cell-sheet method has been used
to transplant many functional cells; however, potential ischemia might limit cell survival. The omentum, which is known
to have rich vasculature, is expected to be a source of blood supply. We hypothesized that transplantation of hiPS-CM cell
sheets combined with an omentum flap may deliver a large number of functional hiPS-CMs with enhanced blood supply.

Methods and Results—Retrovirally established human iPS cells were treated with Wnt signaling molecules to induce
cardiomyogenic differentiation, followed by superparamagnetic iron oxide labeling. Cell sheets were created from the
magnetically labeled hiPS-CMs using temperature-responsive dishes and transplanted to porcine hearts with or without the
omentum flap (n=8 each). Two months after transplantation, the survival of superparamagnetic iron oxide-labeled hiPS-
CMs, assessed by MRI, was significantly greater in mini-pigs with the omentum than in those without it; histologically,
vascular density in the transplanted area was significantly greater in mini-pigs with the omentum than in those without
it. The transplanted tissues contained abundant cardiac troponin T—positive cells surrounded by vascular-rich structures.

Conclusions—The omentum flap enhanced the survival of hiPS-CMs after transplantation via increased angiogenesis,
suggesting that this strategy is useful in clinical settings. The combination of hiPS-CMs and the omentum flap
may be a promising technique for the development of tissue-engineered vascular-rich new myocardium in vivo.
(Circulation. 2013;128[suppl 1]:S87-S94.)

Key Words: cell transplantation m induced pluripotent stem cells m regeneration

treating severe heart failure.' In addition, it has been shown
that direct intramyocardial or intracoronary injection of dis-
sociated single cells, which was used in most of the clinical

tem cell therapy shows promise in the treatment of heart
failure. However, the therapeutic benefits proven by clini-
cal studies in the past decade were only modest, indicating that

further investigations and refinements are required to estab-
lish this treatment in the clinical arena.'” The success of cell
transplantation therapy for heart failure is dependent on the
choice of cell source, cell delivery method, and target cardiac
pathology. In these previous clinical trials, transplantation of
somatic tissue—derived stem or progenitor cells has shown
no or low cardiomyogenic differentiation capacity in vivo,
but contributed to functional recovery via paracrine effects,
potentially limiting the therapeutic effects, in particular, in

studies, yields <10% of engraftment rate of the cells immedi-
ately after transplantation, indicating that further refinement
of the cell delivery method would be required to increase cell
engraftment and enhance the consequent therapeutic effects.’?

Human induced pluripotent stem (hiPS) cells are initially
established by nuclear reprogramming of somatic cells.>¢ hiPS
cell carries a capacity of unlimited proliferation and differ-
entiation to cardiomyocyte.” Transplantation of hiPS-derived
cardiomyocytes (hiPS-CMs) would have, thus, a potential to
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increase the functional cardiomyocytes in damaged heart tis-
sue to mechanically contribute to cardiac function. In addi-
tion, the recently developed scaffoldless tissue engineering
technique of cell-sheet engineering is applicable to myocar-
dial regeneration therapy.® This technique preserves extracel-
Iular matrix without artificial scaffolds, which may prevent
cell detachment—associated anoikis.’ In contrast to the needle
injection technique, the cell-sheet technique can deliver a
large number of cells to the damaged myocardium without
loss of transplanted cells or injury to the host myocardium.!%!!
Importantly, this method has already shown feasibility and
safety in the clinical study.'? On these bases, we studied the
therapeutic efficacy of transplantation of hiPS-CMs with the
cell-sheet method in a porcine chronic ischemic cardiomyopa-
thy model.”® This study, however, showed that the transplanted
cells rarely survived in the heart long-term, possibly because
of poor vascular network support from the native tissue.

The omentum has been historically used in surgical revas-
cularization for patients with ischemic heart disease'*'¢ and is
also known to have rich vasculature and angiogenic factors.!”'®
Importantly, we reported that a pedicle omentum flap covering
the transplanted skeletal myoblast cell sheets enhanced angio-
genesis over the cell-sheet—transplanted territory, survival of
cells, and therapeutic effects.’” We herein hypothesized that
covering with an omentum flap may enhance the survival of
transplanted hiPS-CM cell sheets via the promotion of angio-
genesis over the transplanted territory. In this study, we com-
pared the survival of hiPS-CMs, with or without a pedicle
omentum flap, after transplantation to the mini-pig heart, and
we examined whether the omentum enhanced the angiogenic
capacity of hiPS-CM sheets in vivo.

Materials and Methods

All experimental procedures were approved by the institutional ethics
committee. Animal care was conducted humanely in compliance with
the Principles of Laboratory Animal Care formulated by the National
Society for Medical Research and the Guide for the Care and Use of
Laboratory Animals prepared by the Institute of Animal Resources
and published by the National Institutes of Health (publication no.
85-23, revised 1996).

Preparation of SPIO-Labeled hiPS-CM Cell Sheets

The hiPS cell line 201B7 that was generated using the 4 transcription
factors Oct4, Sox2, K1f4, and c-Myc was used in this study.” Culture
of the hiPS cells, formation of the embryoid bodies, and subsequent
cardiomyogenic differentiation and purification were performed as
described previously to generate hiPS-CMs.'* The purified hiPS-CMs
were then labeled with the superparamagnetic iron oxide (SPIO)
ferucarbotran (Resovist; Bayer Pharma, Berlin, Germany) using the
hemagglutinating virus of Japan envelope vector (GenomOne-Neo;
Ishihara Sangyo, Osaka, Japan).”** Subsequently, human mes-
enchymal stem cells (Lonza, Basel, Switzerland) were seeded at a
density of 5x10° cells/dish onto 10-cm UpCell dishes, on which the
SP1O-labeled hiPS-CMs were grown. The next day, the dishes were
incubated at room temperature, which induced the cells to detach
spontaneously to form scaffold-free hiPS-CM cell sheets.

Flow Cytometry

Dissociated cells after hiPS cell differentiation were fixed, permea-
bilized, and labeled with anticardiac isoform of troponin T (cTNT;
clone 13211; Thermo Fisher scientific, Runcorn, UK) conjugated
with Alexa-488 using Zenon technology (Invitrogen), followed by

analysis on BD FACSCanto II (BD Biosciences) with BD FACSDiva
Software (BD Biosciences).

Study Protocol

Normal 16 female mini-pigs (Japan Farm Co Ltd, Kagoshima, Japan)
weighing 20 to 25 kg were randomly divided into 2 groups (n=8
each) to perform hiPS-CM cell-sheet transplantation either with or
without the pedicle omentum translocation. All animals were immu-
nosuppressed by daily administration of tacrolimus (0.75 mg/kg;
Astellas, Tokyo, Japan), mycophenolate mofetil (500 mg; Teva Czech
Industries s.r.o, Opava, Czech), and prednisolone (20 mg; Takeda
Pharmaceutical Co Ltd, Osaka, Japan) daily from 5 days before
transplantation until euthanasia. Cardiac MRI scans were taken on
the same mini-pigs at 1 week, 4 weeks, and 8 weeks after transplanta-
tion. After the final scan, the mini-pigs were humanely euthanized for
analysis (Figure 1A).

Transplantation of SPIO-Labeled hiPS-CM Cell
Sheets Covered With the Pedicle Omentum

All animals were preanesthetized with ketamine hydrochloride
(20 mg/kg; Daiichi Sankyo, Tokyo, Japan) and xylazine (2 mg/kg;
Bayer HealthCare, Leverkusen, Germany), intubated endotrache-
ally, and maintained by continuous infusion of propofol (6 mg/kg per
hour; AstraZeneca K.K., Osaka, Japan) and vecuronium bromide
(0.05 mg/kg per hour; Daiichi Sankyo). Seven SPIO-labeled hiPS-CM
sheets were placed on the epicardium via the median sternotomy. In
the case of transplantation of the cell sheet covered with the pedicled
omentum, the omentum was mobilized to the mediastinal space via
additional small upper midline laparotomy, preserving both gastroepi-
ploic arteries and their arcade. Initially, 4 hiPS-CM cell sheets were
placed on the epicardium and covered with the omentum. The remain-
ing 3 hiPS-CM cell sheets, then, were placed on the covering omentum
and covered with the omentum again (Figure 1B). The omentum was
stitched and fixed on the excised pericardium (Figure 1C). Mini-pigs
were then allowed to recover and were later humanely euthanized.

Cardiac MRI

ECG-gated cardiac MR1 (CMR) was performed under general anes-
thesia with an 8-channel cardiac coil wrapped around the chest
wall.2 CMR images were acquired on a 1.5-T MR scanner (Signa
EXCITE XI TwinSpeed; GE Medical Systems, Milwaukee, WI).
To assess SPIO-labeled hiPS-CM detection, animals were imaged 1
week after transplantation. In addition, 1 animal was reimaged at 4
and 8 weeks after transplantation to detect SPIO-labeled hiPS-CM
retention. Short-axis images with 8-mm slice thickness, including the
entire heart, were obtained by pulse parameters for cardiac-gated, fast
gradient-recalled echo. The SPIO-labeled hiPS-CM hypointense area
was measured using planimetry of fast gradient-recalled echo images
on a workstation (Virtual Place Lexus64; AZE, Tokyo, Japan). The
survival proportion of hiPS-CMs was determined using the hypoin-
tense area at 4 and 8 weeks after transplantation divided by the area at
1 week after transplantation as the baseline.

Histology and Immunohistolabeling

The hiPS-CM cell sheets and the excised heart specimens were either
embedded in paraffin or optimal cutting temperature compound
(Tissueb Tek; Sakura Finetek, Torrance, CA) for frozen section. The
paraffin-embedded sections were stained with hematoxylin—eosin
or Prussian blue that visualizes iron contents. Ten different fields
were randomly selected. The number of spindle-shaped cells with a
nucleus and iron in the cytoplasm in each field was counted with a
light microscopy under high-power magnification (x400). Cells from
10 fields were averaged, and the results are expressed as cell density
(per high-power field). In addition, the paraffin-embedded sections
were immunolabeled with anti-human von Willebrand factor anti-
body (Dako, Glostrup, Denmark) and visualized with the horserad-
ish peroxidase-based EnVision kit (Dako). Ten different fields were
randomly selected, and the number of von Willebrand factor—positive
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cells in each field was counted using a light microscope under high-
power magnification (x200). The stained blood vessels from the 10
fields were averaged and the results expressed as vascular density
(per square millimeter). The frozen sections were immunolabeled
with anti-cTNT antibody (1:100 dilution; Abcam, Cambridge, UK)
and anti-CD68 antibody for macrophages (1:100 dilution, Abcam) as
primary antibodies and visualized with AlexaFluor488-conjugated
goat anti-mouse (Invitrogen) and AlexaFluor555—conjugated goat
anti-rabbit (Invitrogen) as secondary antibodies. Nuclei were coun-
terstained with 47,6-diamidino-2-phenylindole (Dojindo, Tokyo,
Japan) and assessed using the Biorevo BZ-9000 (Keyence) or con-
focal microscopy (Olympus Japan, FV1000-D IX81, Tokyo, Japan).
SPIO particles of Prussian blue staining were visualized by differen-
tial interference contrast of confocal microscopy.

Real-Time Polymerase Chain Reaction

Total RNA was extracted from cardiac tissue and reverse transcribed
using Omniscript reverse transcriptase (Qiagen, Hilden, Germany)
with random primers (Invitrogen), and the resulting cDNA was used
for real-time polymerase chain reaction with the ABI PRISM 7700
(Applied Biosystems, Stockholm, Sweden) system using pig-specific
primers (Applied Biosystems) for vascular endothelial growth factor
(VEGF), basic fibroblast growth factor, and stromal-derived factor-1
(SDF-1). Each sample was analyzed in triplicate for each gene stud-
ied. Data were normalized to GAPDH expression level. For relative
expression analysis, the delta-delta Ct method was used, and values
of the cell-sheet transplantation without the omentum were used as
reference values.

Statistical Analysis

Data are expressed as means+=SDs. Comparisons between 2 groups
were made using Welch ¢ test. Cell survival proportion over time
was assessed by repeated-measures ANOVA with group, time, and
groupxtime interaction effects. All P values are 2-sided, and values of
P<0.05 were considered to indicate statistical significance. Statistical
analyses were performed using JMP 9.02 (SAS Institute, Cary, NC).

Results

Generation of SPIO-Labeled hiPS-CM Cell Sheets

Cardiomyogenic differentiation of hiPS cells was induced by
treatment of the embryoid bodies formed from cultured hiPS
cells with Wnt3a and R-spondin-1. Subsequently, the differ-
entiated hiPS cells were purified by culture in glucose-free
medium to yield =1 to 2x107 hiPS-CMs. Approximately 80%
(83.6+8.1%) of the hiPS-CMs were positive for cTNT, as deter-
mined by flow cytometry (Figure 2A). After SPIO labeling to
the hiPS-CMs, human mesenchymal stem cells were added
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Figure 1. Study protocol of the mini-pig
experiment and operative procedure.

A, Schedule of cardiac MRI (CMR) and
histological evaluations. B, Procedural
scheme of cell-sheet transplantation

with the omentum. C, Image taken after
treatment. The omentum is mobilized and
transplanted with the cell sheets on the
heart through median sternotomy with an
additional upper midline laparotomy.

to the hiPS-CM culture. Subsequently, culture in the thermo-
responsive dishes yielded round-shaped hiPS-CM cell sheets
(Figure 2B). The hiPS-CMs on the sheet continued to beat
before and after detaching from culture surface (Movies I and
II in the online-only Data Supplement). Immunohistolabeling
showed that the large number of cells in the hiPS-CM cell
sheets were homogeneously positive for cTNT (Figure 2C).
Prussian blue staining confirmed that the hiPS-CMs contained
iron in the cytoplasm (Figure 2D).

In Vivo Analysis of Survival of Transplanted
SPIO-Labeled hiPS-CMs by Serial CMR
Transplantation of the same number of hiPS-CM cell sheets
with or without the omentum covering was successfully per-
formed via median sternotomy in 16 normal mini-pigs. There
was no mortality related to the procedure or otherwise before
the planned euthanasia. In addition, the omentum was attached
to the surface of the heart in all mini-pigs with the omentum.
CMRs were performed to assess the survival of transplanted
SPIO-labeled hiPS-CMs at 1 week (baseline), 4 weeks, and 8
weeks after cell transplantation.

SPIO signals were clearly identified as the hypointense
area in the surface of the left ventricle by CMR in all mini-
pigs throughout the study period (Figure 3A). SPIO-positive
hypointense area was gradually decreased in both the groups
during the 8 weeks, whereas the SPIO-positive area was
larger and thicker in mini-pigs with the omentum compared
with those without the omentum during the study period. The
survival proportion of the SPIO-labeled hiPS-CMs was deter-
mined by the formula that the hypointense area at 4 and 8
weeks after transplantation was divided by the area at 1 week
after transplantation as baseline. Both groups showed steady
decrease in the cell survival during the 7 weeks, whereas the
proportion of decrease was significantly less in mini-pigs with
the omentum than in those without it at 4 weeks (92+10%
versus 60+10%) and 8 weeks (78+10% versus 42+9%) after
treatment (P<0.0001 for interaction effect of time and group
in the repeated ANOVA; Figure 3B).

Histological Evaluation of Transplanted hiPS-CMs
With or Without the Omentum

Excised heart tissues at 8 weeks after transplantation were
assessed by histology. The transplanted hiPS-CMs and the
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Figure 2. Histological characteristics of the human induced pluripotent stem cell-derived cardiomyocyte (hiPS-CM) cell sheet.

A, Expression of cardiac troponin T (CTNT) after differentiation and purification of hiPS-CMs. B, A superparamagnetic iron oxide
(SPIO)-labeled hiPS-CM cell sheet in a 10-cm dish. C, Immunostaining of the hiPS-CM cell sheet with cTNT antibody (green). The cell
nuclei were counterstained with 4/,6-diamidino-2-phenylindole (DAPI; blue). D, Prussian blue staining of the SPIO-labeled hiPS-CM cell

sheet. Scale bar, 50 um in C and D.

pedicle omentum were attached over the epicardium of the
left ventricle without any histological gaps in all mini-pigs,
as assessed by hematoxylin—eosin staining (Figure 4D). The
hearts without the omentum showed cellular and fibrous com-
ponents over the anterior wall of the ventricles (Figure 4A),
whereas the hearts with the omentum showed thick cellular,
fibrous, and fat-rich components covering the anterior and lat-
eral wall of the ventricles (Figure 4D).

Prussian blue staining revealed cells containing iron on the
surface of the ventricles, corresponding to the area seen on
CMR in both groups (Figure 4B and 4E). A larger number
of cells with iron contents were identified in mini-pigs with
the omentum compared with those without (Figure 4B, 4C,
4E, and 4F). In fact, the density of iron-containing cells in
the transplanted site, assessed semiquantitatively by Prussian
blue staining at 8 weeks after treatment, was significantly
greater in the mini-pig with the omentum (27+6 cells/high-
power field) than in those without it (5+2 cells/high-power
field; P<0.0001; Figure 4G). Immunohistolabeling showed
that a Jarger number of cells are positive for cTNT in the area
where cells with iron inclusions are present in mini-pigs with
the omentum compared with those without it (Figure 4H).
The distribution of the SPIO particles was visualized by

differential interference contrast of confocal microscopy.
Grafted hiPS-CMs were identified and confirmed as double-
positive for cTNT and SPIO and negative for CD68, which is
a specific marker for macrophages, by immunohistolabeling
(Figure 41-4N). In addition, no teratomas were formed in the
heart or other thoracic organs at 8§ weeks after the transplanta-
tion of the hiPS-CM cell sheets with or without the omentum
(data not shown).

Capillary Density in the Transplanted Area

Vessels and capillaries in the transplanted cell sheets at 8 weeks
after transplantation were visualized and assessed by immu-
nohistochemistry for von Willebrand factor. The transplanted
cell sheets without the omentum contained a large number of
capillaries and a small number of vessels in a homogeneous
manner (Figure 5A), suggesting that vascular network was
created possibly to support the survival and function of the
cell sheets. Of note, the number of capillaries and vessels were
markedly greater in the cell sheets covered by the omentum
compared with those without it (Figure 5B). In fact, capillary
density in the transplanted cell sheets, assessed semiquanti-
tatively by immunohistochemistry for von Willebrand factor
at 8 weeks after treatment, was significantly and markedly
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Figure 3. In vivo analysis of the survival of superparamagnetic
iron oxide (SPIO)-labeled human induced pluripotent stem
cell-derived cardiomyocytes (hiPS-CMs) after transplantation.
A, Serial cardiac MRIs were examined at 1 week (baseline),
4 weeks, and 8 weeks after SPIO-labeled hiPS-CM cell-sheet
transplantation, with or without the omentum. Representative
hypointense area of the SPIO-labeled hiPS-CMs is indicated by
white arrows. B, Cell survival proportion was estimated by the
SPIO-labeled area at 4 and 8 weeks, corrected by cell survival
at 1 week.

greater in mini-pigs with the omentum (6421 U/mm?) than in
those without it (9+5 U/mm?; P<0.0001; Figure 5C).

Upregulation of VEGF, Basic Fibroblast Growth
Factor, and SDF-1 Expression in the

Transplanted Area

The expression level of cardioprotective and angiogenic fac-
tors in the transplanted area at 8 weeks after treatment was
quantitatively assessed by real-time polymerase chain reac-
tion for VEGEF, basic fibroblast growth factor, and SDF-1.
The relative expression of all the factors in the transplanted
area was significantly greater in mini-pigs with the omentum
than in those without it (VEGF, 1.94:+0.38 versus 1.35+0.26;
P<0.05; basic fibroblast growth factor, 2.33+0.92 versus
1.21+0.19; P<0.05; SDF-1, 2.05+0.33 versus 1.22+0.21;
P<0.01; Figure 6A-6C).

Discussion
It is herein demonstrated that our differentiation protocol
yielded hiPS-CMs with >80% purity, and hiPS-CM cell sheets
were transplanted over the anterior wall of the ventricle,
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covered by the pedicle omentum, in a porcine model with-
out procedural failure or procedure-related morbidity/mortal-
ity. The number of surviving cTNT-positive hiPS-CMs on the
native myocardium was significantly greater in mini-pigs with
the omentum than in those without it, although there was a
steady decrease in the surviving cell number, regardless of
the omentum support, as assessed by SPIO cell labeling with
CMR and by immunohistolabeling. The pedicle omentum
covering markedly increases the number of vessels and capil-
laries, associated with the upregulation of VEGF, hepatocyte
growth factor, and SDF-1, at the transplanted area compared
with the cell-sheet transplantation without the omentum.

In the present study, SPIO-labeled hiPS-CMs were clearly
visualized in vivo by CMR, corresponding to the histologi-
cal findings that confirmed iron contents in the transplanted
hiPS-CMs that were positive for cTNT, as reported by previ-
ous publications.”** Using this method, the distribution and
survival of the transplanted hiPS-CMs were serially evaluated
in this study. As a result, it was proved that the unique tech-
nique in which transplanted cell sheets were covered by the
pedicle omentum elicited a greater survival of the transplanted
hiPS-CMs over the ventricular epicardial surface at 4 weeks
compared with cell-sheet transplantation without the omentum
covering. This suggests that pedicle omentum covering the cell
sheets promptly induced angiogenesis to improve the hypoxic
environment at the transplanted area, compared with the omen-
tum-free method. In addition, although the size of the graft
was decreased in both groups during the 8 weeks, trend in the
size reduction was significantly milder in the omentum group
than in the omentum-free group. This was consistent to the
increased vascular network and upregulated angiogenic factors
at the transplanted area in the omentum group at 8 weeks after
the cell-sheet transplantation. These findings indicate that cov-
ering the cell sheet with the pedicle omentum that carries abun-
dant angiogenic potentials'™® enhanced neovascular formation
at the transplanted area promptly after transplantation and
that vascular-rich structure at the transplanted area persisted
long-term. In previous studies, antiapoptotic treatments on the
transplanted cells, including upregulation of AKT?* or overex-
pression of Bcl-2,% have been shown to improve survival after
cell transplantation. We achieved to improve cell survival after
transplantation by modifying the cell delivery method. The
pedicled omental flap is frequently and safely applied for the
treatment of mediastinitis after cardiovascular surgery. As cell
transplantation is indicated to the patients with severe heart
failure, we need to establish a minimally invasive approach to
mobilize the omentum. Besides, we expect our unique com-
bination method to be a feasible and safe treatment option in
clinical settings. However, in this study, transplanted hiPS-
CMs produced by our protocol may be immature, although
they were spontaneously contractile. In the specimen 8 weeks
after transplantation with the omentum, there were few sur-
viving hiPS-CMs with organized sarcomeres in the cytoplasm,
whereas there were many cTNT-positive cells (data not shown).
In recent studies, mechanical load of hiPS-CMs in vitro con-
trolled their alignment, proliferation, and hypertrophy,? and
spontaneous and synchronous beating cardiac cell sheets were
created by a bioreactor culture, which expanded and induced
cardiac differentiation of hiPS cells.?” It is necessary to modify
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our hiPS-CM preparation protocols referred to in these stud-
ies to yield the amount of contracting hiPS-CMs contributing
to the mechanical function of the injured heart. In addition,
we previously demonstrated that maturation of iPS-CMs pro-
gressed after iPS-CMs were transplanted in nude rat heart.?
Therefore, we also expect that improving environments after
cell transplantation, such as avoiding delivered cell ischemia,
inflammation, and immunogenic rejection, will promote in
vivo differentiation of iPS-CMs and their therapeutic effects.
The combination of hiPS-CM sheets and the omentum is a
promising delivery method to differentiate hiPS-CMs in vivo,
because the omentum at least prevents cell ischemia after
transplantation and provides better environments.

The cause of reduction in the graft size during the 8 weeks
after the cell-sheet transplantation in both groups was not
fully addressed in this study. However, one may consider
that this reduction was caused by host immune rejection. We
used a combined 3 immunosuppressant regimen, consisting

Figure 4. Human induced pluripotent stem
cell-derived cardiomyocytes (hiPS-CMs)
after transplantation. Macroscopic images
of the whole heart by hematoxylin-eosin
staining at the mid level in the mini-pig
without (A) or with (D) the omentum; scale
bar, 1 cm in A and D. Cells containing
iron, indicative of superparamagnetic iron
oxide (SPIO)-labeled hiPS-CMs, were
detected by Prussian blue staining of
sections of mini-pigs without (B and C)

or with (E and F) the omentum at the
transplanted area; scale bar, 50 pm in

B, C, E, and F. G, The density of SPIO-
positive cells in the transplanted site was
semiquantitatively assessed at 8 weeks
after treatment. *P<0.0001 vs without the
omentum. H, In the transplanted regions
of mini-pigs with the omentum, cardiac
troponin T (cTNT)-positive cells were also
demonstrated by immunohistolabeling
(green). The cell nuclei were counterstained
with 4/,6-diamidino-2-phenylindole (DAPI;
blue); scale bar, 50 pm in H. I-N, In the
transplanted regions of mini-pigs, SPIO
particles were visualized by differential
interference contrast (DIC), and grafted
hiPS-CMs, which were double-positive
for cTNT (green) and SPIO (DIC) and
negative for CD68 (red), were indentified by
immunohistolabeling. The cell nuclei were
counterstained with DAPI (blue). Arrows
indicate SPIO particles, referred to DIC
images in I and L; scale bar, 20 pm in I-N.

of tacrolimus, mycophenolate mofetil, and corticosteroid,
because our experiment was a xenotransplantation model, in
which human tissue—derived cells were transplanted in a por-
cine. In addition, mesenchymal stem cells, which have the
potential to induce immunologic tolerance,” were involved in
creating hiPS-CM cell sheets, and recent studies have reported
that the omentum has not only angiogenic cytokines and
growth factors but also anti-inflammatory properties and thus
can facilitate tissue healing of injured tissue or organs.*® With
our cell delivery method that combines the cell-sheet method
with the pedicled omental flap, the 3-drug immunosuppressant
regimen, and a mixture of mesenchymal stem cells, it would be
difficult to permanently maintain a large number of delivered
cells in this xenotransplantation model. Future clinical study
of hiPS-CM transplantation for treating heart disease might
be performed as allogeneic transplantation.®® Further studies
related to immunologic tolerance are needed to maintain the
delivered cells long-term or permanently in this treatment.

Downloaded from http:/circ.ahajournals.org/ at TOKAI U MED LIB DB25721 on April 21, 2014



Kawamura et al

C
E Capillary density
5 (units/mm?)
£ S0 .
Q
@ 80
- %
g 7
2 0

60
50,
40

30.
20
10

0.

€
3
€
3
€
S
@
&
£
2z

th
the omentum  the omentum

Figure 5. Capillary density in the transplanted area.
Photomicrographs of immunostaining for von Willebrand factor
are shown in A and B; scale bar, 50 um. G, The capillary density
in the transplanted area was significantly greater in the mini-pigs
with the omentum than in those without it. *P<0.0001 vs without
the omentum.

In addition, more importantly, hiPS-CM cell sheets were
transplanted over the normal epicardium, in which the tissue
structure is well organized. New vascular network formation
between the native myocardium and the transplanted cell
sheets is thus insufficient to support the survival of the trans-
planted cells, leading to reduction of surviving transplanted
cells long-term. In the clinical scenario, however, cell sheets
will be transplanted over the diseased heart surface, in which
epicardial structure is impaired. Conditions of the host myo-
cardium possibly influence the survival of the transplanted
cells. Our results indicate that transplanted cell sheets may
provide sufficient blood supply, not from the host myocar-
dium but from the omentum tissue. Thus, we consider that
the omentum flap technique could provide a well-organized
vascular network, regardless of conditions of the host myocar-
dium, to enhance the survival of the transplanted cells. Further
studies are needed to explore the mechanisms underlying inte-
gration of the transplanted cells sheets into the heart and to
develop methods to enhance the survival and functionality of
the transplanted cells.

Cardiac tissue engineering is another strategy that uses
stem cells for the treatment of heart failure. One of the
major challenges of in vitro engineering techniques is to
overcome the limited thickness of the construct because
the maximum oxygen diffusion is limited to =200 pm? A
few recent methodologies have successfully yielded thicker
engineered cardiac tissues. Cardiomyocytes in the Matrigel
matrix were implanted with an arteriovenous blood vessel
loop in vivo, and spontaneously contracting, thick, 3-dimen-
sional constructs with extensive vascularization were thus
attained.® The cell-sheet method, which is a scaffold-free
system, is also an in vitro engineering technique. A cell
sheet, itself, has a potential to induce angiogenesis quickly
after implantation, and cell-dense 1-mm thick cardiac tissue
was developed by repeated transplantation of triple-layered
rat neonatal cardiac cell sheets.”® This cardiac graft gener-
ated by this method, however, would be limited in use as a
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Figure 6. Angiogenesis-related mRNA expression in the
transplanted area, as measured by real-time polymerase chain
reaction. Relative expression of angiogenesis-related factors at
the transplanted area was significantly greater in mini-pigs with
the omentum than in those without it (A, vascular endothelial
growth factor [VEGF], 1P<0.05; B, stromal-derived factor [SDF]-
1, TP<0.05; C, basic fibroblast growth factor [bFGF], $P<0.01 vs
without the omentum).

graft transplanted to the heart because of the lack of respon-
sible large arteries and veins that can be revascularized after
transplantation to the heart. In the present study, we used the
omentum as a blood supply source after cell transplantation
and demonstrated that the omentum enhanced angiogenesis
and survival of the delivered cells. In addition, the omentum
can easily be handled and mobilized, preserving its vascular
network. The omentum, therefore, is a promising tool for in
vivo vascularization in cardiac tissue engineering, although
further studies with technological development would be
needed for this strategy.

In conclusion, covering of the omentum flap over the trans-
planted hiPS-CM cell sheets on the myocardium effectively
promoted angiogenesis, leading to enhanced survival of the
hiPS-CMs. These results warrant further investigations as a
clinically relevant strategy to enhance hiPS-CM transplanta-
tion therapy for heart failure.
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Recently, animal studies have demonstrated the efficacy of endothelial progenitor cell (EPC) therapy for dia-
betic wound healing. Based on these preclinical studies, we performed a prospective clinical trial phase I/ITa
study of autologous G-CSF-mobilized peripheral blood (PB) CD34* cell transplantation for nonhealing diabetic
foot patients. Diabetic patients with nonhealing foot ulcers were treated with 2 x 107 cells of G-CSF-mobilized
PB CD34* cells as EPC-enriched population. Safety and efficacy (wound closure and vascular perfusion) were
evaluated 12 weeks posttherapy and further followed for complete wound closure and recurrence. A total of
five patients were enrolled. Although minor amputation and recurrence were seen in three out of five patients,
no death, other serious adverse events, or major amputation was seen following transplantation. Complete
wound closure was observed at an average of 18 weeks with increased vascular perfusion in all patients. The
outcomes of this prospective clinical study indicate the safety and feasibility of CD34* cell therapy in patients

with diabetic nonhealing wounds.

Key words: Nonhealing diabetic wound; Endothelial progenitor cells (EPC); Autologous cell therapy;

Vasculogenesis; Wound healing

INTRODUCTION

Diabetic patients with nonhealing chronic ulcer are
increasing yearly. Most nonhealing diabetic ulcers with
peripheral vascular disease are difficult to cure, and once
all conventional treatment modalities are exhausted,
amputation is the final solution. More than 40-60% of
nontraumatic lower extremity amputations are related to
diabetic foot. It is also reported that individuals with dia-
betes have 15 to 46 times greater risk of high-level lower
extremity amputations than those without diabetes (29).
In addition, 5-year mortality rates after lower extremity
amputation for diabetics, critical limb ischemia, and
peripheral artery disease range from 39% to 68% (15).
Furthermore, the economic burden of diabetic foot ulcer
is estimated to be $98 billion per year (26). These data
suggest the importance and necessity of alternative and
more effective treatment option for diabetic patients with
nonhealing ulcers.

After the discovery of endothelial progenitor cells
(EPCs) in 1997, these vascular stem cells became the
subject of intense experimental and clinical investiga-
tion for angiogenesis and wound healing. EPCs are an
immature cell population that possesses an enhanced
potential to differentiate into mature endothelial cells
(2). EPCs can be isolated as cluster of differentiation
34-positive cells (CD34+) and CD133* mononuclear cells
(MNCs) from adult bone marrow (BM) and peripheral
blood (2,9). EPCs mainly reside in the bone marrow and
are mobilized into the peripheral blood with tissue ische-
mia or systematic administration of granulocyte colony-
stimulating factor (G-CSF), vascular endothelial growth
factor (VEGF), or estrogen (22,31). Mobilized EPCs will
be home to ischemic sites for vascular repair. Preliminary
studies support the potential of EPC therapy for angio-
genesis and wound healing, and systemic (27) and local
transplantation of EPCs (30) has become an alternative
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therapeutic option for diabetic ulcers. In murine diabetic
ulcer, human EPCs are incorporated into the wound bed
of diabetic mice following local injection and participate
in neovascularization with recipient’s endothelial cells,
resulting in enhancement of wound vascular density and
higher wound closure rate (28). Lin et al. also demon-
strated that topical application of bone marrow-derived
progenitor cells accelerates diabetic wound healing and
increases wound vasculogenesis (19). These promising
results encouraged clinical application of EPC transplan-
tation for improvement of nonhealing diabetic ulcer. Until
now, several researchers have investigated and reported
the efficacy of autologous bone marrow and peripheral
blood MNCs on patients with diabetic ulcers; however,
the efficacy of purified EPC transplantation is not yet
investigated (13,18).

Here we report a phase I/11a clinical trial of transplan-
tation of autologous and G-CSF-mobilized CD34+ cells
in patients with intractable diabetic ulcer. G-CSF was
used to efficiently mobilize bone marrow-derived EPCs
to peripheral blood, and the mobilized CD34* cells were
isolated as the EPC-enriched fraction.

MATERIALS AND METHODS
Ethical Conduct of Research

The authors have obtained appropriate institutional
review board approval or have followed the principles out-
lined in the Declaration of Helsinki for all human experi-
mental investigation. In addition, appropriate informed
consent has been obtained from all patients by the investi-
gator in charge.

Study Design

This phase I/Ila study was conducted from July 2005
to March 2010 at Tokai University School of Medicine
Department of Plastic and Reconstructive Surgery. The pro-
tocol was reviewed and approved by the Ethics Committee
of the Tokai University School of Medicine, Kanagawa,
Japan. The primary end point of this trial is safety, and the
secondary end point is primary efficacy. Patients providing
informed consent had type 2 diabetes with a nonhealing
chronic ulcer. If wounds were on both feet, the foot with a
more severe wound was treated with autologous G-CSF-
mobilized peripheral blood CD34* cells. Inclusion criteria
included (1) type 2 diabetic patients of ages 20 to 70 years
with a nonhealing chronic wound deeper than the subcu-
taneous layer of the skin. The wound was determined as
nonhealing and chronic when the wound was treated with
current standard care for diabetic foot ulcer by a wound
care specialist for at least 3 months prior to the therapy
with less than 40% of wound closure. There were no limi-
tations of the wound size. (2) Patients with strict diabetic
control of glycated hemoglobin (HbAlc) below 6.5%.
The exclusion criteria included (1) collagen tissue disease
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or malignant disease, (2) an ejection fraction lower than
50%, (3) interventional treatment required for coronary
or cerebral artery stenosis within 6 months, (4) diabetic
retinal bleeding, (5) hematological disorder, (6) onset of
myocardial infarction or cerebral infarction within the last
6 months, (7) side effects arising from G-CSF pharma-
ceutical or apheresis procedures, and (8) wound infection.
Written informed consent for participation was obtained
from all subjects. All patients did not receive any medica-
tion changes pre- and post-EPC injection therapy. Since
the study was a phase I/Ila clinical trial, controls for the
study were not established.

Study Procedures

Screening assessments within 14 days before treatment
included medical history, review of inclusion and exclu-
sion criteria, review of medications, vital signs, physi-
cal examination, chest X-ray (Shimadzu, Kyoto, Japan),
urinalysis, blood collections for hematology [complete
blood count (CBC) and differential], clinical chemistry
[bilirubin, alkaline phosphatase, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate dehy-
drogenase (LDH), urea nitrogen, creatinine, glucose, uric
acid, calcium, phosphorus, total protein, albumin, elec-
trolytes, amylase, cholesterol, triglycerides], and HbAlc.
All blood-related measurements were performed by the
blood testing central laboratory at the Hospital of Tokai
University, Kanagawa, Japan. Patients underwent cardiac
echography, abdominal echography (Toshiba, Tokyo,
Japan), and cerebral, chest, and abdominal computed
tomography (CT; Siemens, Tokyo, Japan) to rule out
any conditions listed in the exclusion criteria. During the
3-month screening period, patients continued to receive
the standard care for diabetic feet. Foot ulcers were pho-
tographed using a digital camera with a 1-cm? size sticker
marked near the wound. The area of the ulcer was cal-
culated by measuring the size of the photographed ulcer
divided by the photographed 1-cm? size marker using VH
analyzer (Keyence Corp, Osaka, Japan). Vascular perfu-
sion was evaluated by using the following parameters:
ankle brachial pressure index (ABI), skin perfusion pres-
sure (SPP), and transcutaneous oxygen pressure (TcO,).
Angiographic analysis was performed for cases with
severe peripheral vascular disease. TcO, was measured
with an oxymonitor (PO-850, Sumitomo-Hightechs,
Tokyo, Japan). The probe was placed at the dorsum pedis,
and the skin was heated to 42°C (4). SPP was measured
with the PAD3000 (Vasamedics, St. Paul, MN, USA)
proximal to the wound with an exclusive cuff (5,6). These
physiological examinations were performed while the
patient was in a supine position after more than 30 min
of rest in a temperature-controlled room. Angiographic
examinations were performed with the intra-arterial digi-
tal subtraction angiography (IA-DSA) technique. The
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standard Seldinger approach was used as follows: the top
of the 4 Fr catheters was placed at the external iliac artery,
and iohexol (Omnipaque, 300 mg of iodine/ml; Daiichi
Pharmaceutical, Tokyo, Japan) was injected automati-
cally using an infusion pump at a speed of 20 ml/s for 2 s.
Wound care was standardized throughout the entire study
by using several different dressing types dependent on the
type of the wound (e.g., dry, wet, and intermediate) with
daily dressing changes and use of an offloading device by
a wound care specialist. Minor debridement of necrotic
tissue without general anesthesia was performed as regu-
lar wound care. Major debridement was performed only at
the time of cell transplantation under general anesthesia.

Treatment Period

Collection of Peripheral Blood CD34* Cells. Patients
who met the criteria were admitted to the hospital, and
10 pg/kg/day of G-CSF (Filgrastim; Gran®, Kyowa Hakko
Kirin, Co. Ltd., Tokyo, Japan) was injected subcutane-
ously for 5 days. Blood counts, peripheral leukocyte dif-
ferential counts, and peripheral CD34* cell counts were
determined daily. If leukocyte count exceeded 50,000/
ul, the dose of G-CSF was reduced to one half. On day
5, peripheral blood MNC collection was performed with
the COBE SPECTRA apheresis system (Gambro BCT,
Lakewood, CO, USA). MNC collection was followed
by purification of CD34"* cells by means of a magnetic-
activated cell sorting system (CliniMACS, Milteny Biotech,
Bergisch Gladbach, Germany).

Administration of Isolated CD34* Cells. Debridement
and transplantation of CD34* cells were performed under
general anesthesia on the same day of cell isolation. After
debridement and irrigation of the wound, CD34* cells
were injected intramuscularly within 20 cm surrounding
the wound with a 26-gauge needle (Nipro Corporation,
Osaka, Japan). A total of 2x 107 CD34* cells/patient was
administered by 20 injections, each injection containing
1x10° cells/0.25 ml saline (0.25 mlx20 sites, 1.5-2.0 cm
deep). Saline gauze dressing was placed over the treated
wound immediately after the treatment to avoid cell damage,
and standard of wound care was continued starting postop-
erative day 1. The patient was discharged from the hospital
the following day unless any side effects due to the CD34*
cell therapy were seen. Current standard of care for diabetic
foot was performed starting on the day of discharge.

End Points

The primary end point of this study is to evaluate the
safety, and the secondary end point is to evaluate efficacy
12 weeks posttherapy. No gold standard efficacy end points
have been established for small size, early phase clinical
trials in patients with diabetic foot, so we originally pre-
specified the efficacy score as a surrogate end point so that
we could simultaneously evaluate subjective and objective
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parameters in the study. Twelve weeks posttherapy was
determined as the time point of evaluation in reference to
other clinical trial reports assessing diabetic wound healing
because all patients included in the study had nonhealing
wound for more than 3 months (20,37). The adverse effects
were evaluated according to the National Cancer Institute
Common Terminology Criteria for Adverse Events
(NCI CTCAE version 3 http://ctep.cancer.gov/protocol-
Development/electronic_applications/docs/ctcaev3.pdf).
Full physical examination, blood collection for hematol-
ogy, clinical chemistry, chest X-ray, abdominal echo, car-
diac echo, cerebral CT, chest CT, and abdominal CT were
performed to find if any conditional change existed after
the therapy. C-Reactive protein was measured by latex-
enhanced immunoturbidimetric assay (Eiken Chemical Co.
Ltd., Tokyo, Japan). The efficacy score was defined as the
sum of four scores, each of which measured a difference
in the parameters between baseline and 12 weeks after
cell therapy: (1) percent wound closure calculated by VH
analyzer as previously mentioned in the study procedure
section (wound needing minor or major amputation was
evaluated and performed at 12 weeks posttherapy; major
amputation is an amputation of below the knee or above the
knee or a procedure proximal to this level, whereas minor

Table 1. Efficacy Score

Parameter Score Value

Wound closure at post-12 weeks score according
to A from baseline

76-100% wound closure 2
36-75% wound closure 1
0-35% wound closure 0
Minor amputation -1
Major amputation -2
SPP score 12 weeks after treatment
>40 mmHg 2
30-40 mmHg 1
<30 mmHg 0
No change ~1
Worsening -2
Wong-Baker FACES Pain Rating Scale score
Improvement by >2 steps 2
Improvement by 1 step 1
No change 0
Worsening by 1 step -1
Worsening by >2 steps -2
Recurrence
No recurrence more than a year 2
No recurrence within a year 1
Recurrence but healed 0
Recurrence but nonhealing -1
Recurrence with amputation -2

The efficacy score=(wound closure+ SPP+ Wong-Baker FACES Pain
Scale) post-12 weeks therapy + Recurrence. Range: -2 to 2 for each cat-
egory. SPP, skin perfusion pressure.
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Table 2. Exposure and Outcome for All Patients Treated With Autologous G-CSF-Mobilized Peripheral Blood CD34+ Cell Therapy

Nonhealing  Ulcer Size Time of Complete
Age/ Location of Time Pretherapy at Baseline Wound Closure ADL Time Ulcer Adverse
Case Sex PMH Ulcer (Weeks) (cm) HbA1C (Weeks) Amputation SPP Posttherapy Posttherapy  Recurrence Effects
1 41/M DM Rt 1st, 2nd, 22 4.4x3.6 5.6 12 None T Ambulant 4.8 None None
CRFonHD  3rdtoe
PAD
2 70/F DM Rt foot 74 2x1.5 5.4 12 None T Ambulant 4 Within 1 year/ None
CRF on HD nonhealing
PAD
3 63/M DM Lt. 5th toe 100 2.7x1.5 4.7 18 Minor T Ambulant 3 Within 1 year/ None
CRF on HD healed
PAD
CVD
4 53/M DM Rt. 1st toe 33 3x2 4.9 26 Minor T Ambulant 2 Within 1 year/ None related/
CRF on HD healed restenosis of
PAD Pop. A
5 63/M DM Lt foot 26 4.5x6.0 5.8 16 None T Ambulant 2 None None
CRF on HD
PAD

G-CSF, granulocyte colony-stimulating factor; CD34, cluster of differentiation 34; PMH, past medical history; HbAlc, glycated hemoglobin; SPP, skin perfusion pressure;
ADL, activities of daily living; DM, diabetes mellitus; CRF, chronic renal failure; HD, hemodialysis; PAD, peripheral artery disease; Pop. A, popliteal artery.
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Table 3. Outcome of Mobilization, Harvest, and Isolation of CD34* Cells

% CD34* Cells in PB Total MNCs Total CD34* Cells Total Isolated Total Isolated Purity of
Case by Flow Cytometry After Apheresis After Apheresis CD34* Cells CD34+Cells/kg CD34* Cells
1 0.31% 4.02E+10 1.19E+08 7.21E+07 9.01E+05 80%
2 0.08% 1.16E+10 1.23E+07 6.14E+06 1.23E+05 50%
3 0.40% 231E+10 8.59E+07 4.60E+07 7.67E+05 83%
4 0.33% 2.59E+10 8.86E+07 4.28E+07 5.35E+05 82%
5 0.28% 3.34E+10 9.23E+07 4.04E+07 5.05E+05 56%
Average 0.28% 2.68E+10 7.96E+07 4.15E+07 5.66E+05 70%
SD 0.12% 1.08E+10 3.99E+07 2.35E+07 3.29E+05 15.82%

The frequency of CD34* cells in the peripheral blood at day 5 post-G-CSF injection was 0.28 +0.1% by flow cytometry. The average apheresis product
number was 2.68 + 1 x 10, and the average of total CD34+ cells obtained after magnetic sorting was 7.96+4.0x 107. Flow cytometry revealed that the
purity and viability of the CD34* cell fraction following magnetic sorting were 70+ 15.8%. PB, peripheral blood; MNCs, mononuclear cells.

amputation is classified as all other partial foot or toe resec-
tion) (10); (2) skin perfusion pressure (SPP) in the treated
foot; (3) Wong—Baker FACES Pain Rating Scale score
(http://www.wongbakerfaces.org/), evaluation of pain in
the treated leg; and (4) recurrence of the treated wound.
Each score is given a range of plus 2 to minus 2 points; the
best response is assigned plus 2, and the worst outcome is
assigned minus 2. The efficacy score sum is in the range of
+8 to —8 (Table 1). The patients visited the clinic 2 weeks,
4 weeks, 8 weeks, and 12 weeks postoperatively to evaluate
safety and efficacy. The patients were still followed every
4 weeks when complete wound closure was not seen at 12
weeks posttherapy. The photographs were taken for per-
cent wound closure, and ABI, SPP, and TcO, were tested
for vascular perfusion at each visit. Angiographic analysis
was performed for cases with severe peripheral vascular
disease 12 weeks postoperatively. Each patient evaluated
pain level at baseline and at 12 weeks after transplanta-
tion using the Wong—Baker FACES Pain Rating Scale (7).
A clinical research coordinator interviewed each patient
regarding the level of psychroesthesia, paresthesia, and the
required quantity of analgesic drugs at baseline and at 12
weeks after transplantation. Recurrence of the wound was
evaluated every 4 weeks posttherapy at each clinical visit.
The recurred wounds were treated by standard of wound
care and evaluated for time of wound closure. The effi-
cacy score was validated by two individual physicians not
included in the study.

Quality Analysis of CD34* Cells

CD34~ cells isolated for transplantation were labeled
with fluorescein isothiocyanate (FITC)-conjugated anti-
CD34 (BD Biosciences, San Jose, CA, USA) and phy-
coerythrin (PE)-conjugated anti-KDR [kinase insert
domain receptor or vascular endothelial growth fac-
tor receptor 2 (VEGFR2); BD Biosciences] antibodies
for 20-min incubation at 4°C. Cells were then analyzed

Figure 1. Case 1: A 41-year-old male who was diagnosed
with diabetes at age 30 and currently undergoing dialysis.
(a) Pretherapy: the ulcer seen in the picture was not healing for
22 weeks. (b) Three months posttherapy. After cluster of dif-
ferentiation 34-positive (CD34%) cell therapy, the wound healed
rapidly, and wound closure had occurred by 12 weeks after the
therapy. No recurrence was seen for 4.8 years posttherapy. Skin
perfusion pressure (SPP) measured proximal to the wound showed
13 mmHg pretherapy and 75 mmHg 12 weeks posttransplant.
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using FACSCalibur and CellQuest Pro software (Becton
Dickinson, Franklin Lakes, NJ, USA).

EPC Colony-Forming Assay

The vasculogenic potential of isolated peripheral blood
CD34* cells was assessed using the EPC colony-forming
assay (EPC-CFA) as previously described (17,21,32).
Briefly, isolated 3,000 CD34" cells were suspended in 300 pl
of 30% fetal bovine serum (FBS; Nichirei Bioscience Inc.,
Tokyo, Japan)/Iscove’s modified Dulbecco’s media (IMDM;
Gibco) and mixed with 3 ml of previously stored EPC-CFA
working medium (Methocult, Stem Cell Technologies,
Vancouver, BC, Canada). A total of 1,000 CD34* cells/dish
were seeded into a 35-mm hydrophilic tissue culture dish
(BD Falcon, Bedford, MA, USA; 1 ml working medium to
one dish, a total of three dishes per sample). After 18 days,
the number of total EPC colony-forming units (EPC-CFU)
was counted by two investigators who were blinded to the
experimental conditions.

Statistical Analysis

All data are presented as the meanzstandard devia-
tion. Student's ¢ test was performed to assess statistical
significance between the two groups.
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A Kruskal-Wallis one-way ANOVA with Tukey—
Kramer post hoc analysis was performed when compari-
sons involved more than two groups. Significance was
considered to be p<0.05. The statistical program used for
the analysis of all data was Graph Pad Prism 5 (Graph
pad Software, Inc., La Jolla, CA, USA).

RESULTS
Patient Characteristics

A total of five patients were enrolled in the trial. The
characteristics of all patients enrolled in the trial are listed
in Table 2. The age ranged from 41 to 70 years old. All
patients had diabetes and chronic renal failure with hemo-
dialysis as past medical history. Blood sugar levels were
controlled for all patients, and hbA1C was below 6.5%.
All of the wounds extended into bone or tendon and were
located in the digits of the foot. The average size of the
wound was 3.3x1.1 cm?%x2.92+1.9 cm? The average
wound history prior to EPC therapy was 34 +23 weeks
(240 days). Average ABI was 0.9+0.17. All patients had
low skin perfusion pressure (SPP: 14.8 +5.3) proximal to
the wound, indicating peripheral vascular disease. Cases 4
and 5 had percutaneous transluminal angioplasty (PTA)
3 months prior to the therapy.

Figure 2. Case 2: A 70-year-old female with 48 years of diabetes and 28 years of chronic renal failure (CRF) on hemodialysis. (a)
Pretherapy: the ulcer with a deep pocket reaching to the fifth metatarsal bone located in the lateral side of the right foot was nonheal-
ing for 74 weeks. SPP was 10 mmHg pretherapy. (b) Posttherapy: the ulcer healed completely, and SPP increased to 45 mmHg after
12 weeks posttherapy. (c) One year posttherapy. (d) The dotted arrow shows cured heterotrophic ulcer 2 years posttherapy. The solid

arrow shows ulcer recurrence.
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Qutcome of Mobilization, Harvest,
and Isolation of CD34* Cells

G-CSF was administered 10 pg/kg/day for 5 days for
all patients. The frequency of CD34* cells in the peripheral
blood at day 5 post-G-CSF injection was 0.3+0.1% by
flow cytometry analysis. The average apheresis product
number was 2.7 +1x 10", and the average of total CD34*
cells obtained after magnetic sorting by CliniMACS was
8.0+4.0x 10". Flow cytometry revealed that the purity
and viability of the CD34* cell fraction following mag-
netic sorting were 70 15.8%. The number of CD34* cells
isolated was significantly low for Case 2 (1.23 x 10°/kg)
and high for Case 1 (9.0x 10°/kg) (Table 3).
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Safety Evaluation

Neither death (NCI CTCAE grade 5) nor life-
threatening adverse events (grade 4) were observed during
the 12-week follow-up after cell therapy. In contrast, mild
to moderate adverse events (grades 1-2) were observed
as G-CSF-related events in all patients. Symptoms such
as bone pain (n=5), headache (n=1), fever (n=1), and
C-reactive protein (CRP) elevation (n=1) seen were tran-
sient and disappeared without permanent damage. There
were no adverse events following general anesthesia. No
episodes of site infection following cell injections were
noted. There was no incidence of pathogenic angiogen-
esis after serial examination of fundus oculi.

Figure 3. Case 3: A 63-year-old male with diabetes and CRF on hemodialysis. (a) The ulcer on the left fifth toe seen in the picture was
nonhealing for 14 weeks. Dorsal SPP was 10 mmHg at this point. (b) The ulcer after 12 weeks posttherapy; the ulcer did not heal at this
point, but SPP increased to 45 mmHg. (c) The patient underwent minor amputation of the fifth toe, and the wound completely healed
28 weeks after the therapy. (d) Angiography pretherapy; circled area is avascular. (e) Angiography 12 weeks posttherapy showed

increased vascularity in the avascular area pretherapy.
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Efficacy Evaluation

The efficacy score at 12 weeks was more than or equal
to 2 in all patients, indicating the efficacy of transplanta-
tion of CD34* cells.

Wound Closure. Only two out of five patients (Case 1
and Case 2; Figs. 1 and 2) had complete wound clo-
sure within 12 weeks of evaluation. Since the remaining
sequestrum was obstructing wound healing, two out of five
patients (Case 3 and Case 4; Figs. 3 and 4) received further
debridement resulting as minor amputation. In Case 5, the
patient had the largest wound pretherapy, which had healed
within 16 weeks posttherapy (Fig. 5). Although only two
had complete wound closure by 12 weeks posttherapy and
two resulted as minor amputation, all patients had com-
plete wound closure without any major amputation at an

Figure 4. Case 4: A 53-year-old male with 15 years of diabe-
tes and 9 years of CRF on hemodialysis. (a) The ulcer on the
right toe pretherapy, which did not heal for 33 weeks. (b) Eight
weeks after the therapy, SPP proximal to the wound, which was
14 mmHg, suddenly dropped to 2 mmHg. Angiogram showed
stenosis of popliteal artery, and emergency percutaneous trans-
luminal angioplasty (PTA) was performed. (c) At 12 weeks post-
therapy. SPP increased to 58 mmHg with increased granulation.
(d) At 26 weeks posttherapy. The wound completely healed at
this point, and the patient was wound free for more than 2 years
with an average SPP of 42+ 11 mmHg.

TANAKAET AL.

average of 18.8 weeks (131.6 days) (Fig. 6). During the
trial, Case 4 had sudden stenosis of popliteal artery after
8 weeks of therapy, which had healed after percutaneous
transluminal angioplasty (PTA).

Peripheral Vascular Perfusion. There was no sig-
nificant change in resting ABI pretherapy and post-
therapy (0.9£0.2 vs. 0.9+0.2), but SPP (14.5£5.3 vs.
53.6+16.3; p<0.01) and TcO, (27.8+8.2 vs. 56.0+7.2;
p<0.01) proximal to the wound showed a significant
increase 12 weeks after the therapy in all patients (Fig. 6).
Angiography performed 12 weeks posttherapy showed
increased vascularity in the deep plantar artery for Cases
3 and 5 (Figs. 3 and 5).

Pain Scale. Four out of five patients had limb and
foot pain before the therapy, which began to be relieved
4 weeks after the therapy. The average pain level evalu-
ated using the Wong—Baker FACES Pain Rating Scale
of 3.2x2.1 at baseline decreased to 0.6+0.9 at 3 months
after therapy (p<0.05) (Fig. 6).

Recurrence. The ulcer of Cases 1 and 5 had not yet
recurred after more than 2 years of cell therapy. Cases 3
and 4 showed recurrence of the ulcer within 1 year after
the therapy, but it was rapidly cured in a few weeks (3
weeks for Case 3 and 2 weeks for Case 4) after standard
care. However, the recurred ulcer for Case 2 did not heal
even after 3 years of standard care (Fig. 2).

Vasculogenic Potential of Transplanted CD34* Cells

Case 1 with wound closure at 12 weeks posttherapy
and no incidence of heterotopic ulcers or recurrence dem-
onstrated a significantly higher number of total EPC-CFU
compared to the other four cases (Case 1: 25+6 vs. Case 2:
4+2,Case3: 11+1,Case4: 11£1.5,Case 5: 16+ 1; p<0.01)
(Fig. 7). Flow cytometry of CD34 and KDR double-positive
cell percentages within the transplanted CD34* cells showed
similar results to EPC-CFU. Case 1 showed a significantly
higher number of CD34/KDR double-positive cell percent-
age compared to the other four cases (2.8 vs. 0.5, 0.37, 1.49,
1.67), suggesting that transplanted CD34* cells with higher
vasculogenic potential exhibit accelerated wound healing
and better prognosis (Fig. 7).

DISCUSSION

To the best of our knowledge, the present study is the
first clinical trial of transplantation of autologous and
purified CD34* cells into diabetic patients on hemodialy-
sis who were suffering from nonhealing chronic wounds
for more than 3 months. Previous studies on autologous
transplantation of bone marrow or peripheral blood stem
cells for diabetic ulcers were focused on administrating
mononuclear cells to more acute or subacute wounds as
cell population including EPCs (13). Since application
of peripheral blood or bone marrow mononuclear cells



