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Preface

‘This collection describes

the paradigm shift

occurring in medicine.”

Preface

Masanori Fukushima, TRI Director
Translational Research Center for Medical Innovation (TRI),
Foundation for Biomedical Research and Innovation at Kobe

Throughout its history, humanity has battled to overcome diseases and
disorders. This struggle has yielded revolutionary discoveries that have
transformed medical care. For example, in the early 20th century, French
surgeon Alexis Carrel developed a technique for sewing blood vessels
together, which is used in many surgical procedures including organ
transplants. During the same decade, Canadian physician Frederick
Banting discovered insulin. A few years later, Scottish bacteriologist
Alexander Fleming discovered penicillin; this discovery and subsequent
developments made many infectious diseases treatable and triggered an
explosion in drug discovery.

In this way, humanity has gained considerable control over many
diseases. However, drugs have actually had a limited effect on extending
life expectancy since the most important factors for extending human life,
namely improving health and nutrition, depend on escaping from poverty.
Consequently, most diseases still remain a long way from being overcome.

Nevertheless, you are probably aware of a recent series of breakthroughs
in addressing diseases for which there are currently limited treatment options:
the practical application of regenerative medicine by using stem cells derived
from the human body. For instance, a patient with severe spinal cord injury,
who had been unable to move and initially received a hopeless prognosis,
was able to recover by receiving stem cell treatment. His recovery is movingly
portrayed in a video showing him sufficiently recovered to be able to walk
home. I believe that necessary evidence from clinical trials will soon help
make this kind of dramatic improvement a clinical reality for many.

This collection of articles describes six emerging treatments approaches
involving the regeneration of nerves, blood vessels, myocardium, cornea,
eardrum and bone. The techniques involving the regeneration of nerves
and eardrum have been approved for manufacture and sale by the
Japanese medical regulatory authority, the Pharmaceuticals and Medical
Devices Agency (PMDA)!, while the other four therapies have been
favourably received in Japanese registration trials. Regenerative therapies
are characterized by the use of stem cells, or depending on the type of
injury, stem cells in combination with tissue engineering.

Some of the investigational approaches described in this collection were
showcased in a Nature Outlook on Regenerative Medicine® and five Nature

advances.tri-kobe.org/en

i Fukushima

Outlines”, sponsored by TRI and others, which all received positive
feedback. Based on this response, we have produced this collection, titled
The Principles of Regenerative Medicine, to provide further information on
the treatments. It outlines the theory behind their common principles
and explains the specifics of each treatment method. In the future, we
intend to report on treatments for other difficult diseases based on new
therapeutic principles. But the present collection describes the paradigm
shift occurring in medicine. We live in a time of unprecedented scientific
and technological revolution. Ten years from now, humankind will surely
have devised a specific road map for overcoming the major diseases of our
time, and we will enter an age in which, by concerting our efforts, the
journey’s end will be near®’

The Foundation for Biomedical Research and Innovation at Kobe,
Translational Research Center for Medical Innovation (TRI), is a Japanese
public institution that supports clinical trials led by academia. As TRIs
director, I am very proud to endorse this publication.
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Theory of Disease Control

Masanori Fukushima

An overview of regenerative medicine: its _
principles and the scope of the current revolution

Masanori Fukushima, TRI Director
Translational Research Center for Medical Innovation (TRI),
Foundation for Biomedical Research and Innovation at Kobe

1. INTRODUCTION

Regenerative medicine represents a coming revolution in the treatment
of many illnesses. Emerging therapies that use stem cells harvested from
the patients themselves are demonstrating extremely promising results
in clinical trials and other studies. Referred to as stem-cell therapies, or
just cell therapies, they involve taking stem cells from the body, cultur-
ing them, and then putting them back into the body to induce tissue to
regrow. Japanese researchers are world leaders in this field and their many
years of hard work are bearing fruit as clinical trials progress according to
schedule. We can be optimistic that novel therapies will soon make cur-
rently untreatable diseases and disorders treatable.

The chapters of this collection describe six regenerative therapies. Be-
fore considering specifics, however, in this essay I provide an overview,
explaining the principles common to all regenerative therapies: the use of
bioactive stem cells in a patient and the provision of framework materials
as scaffolds for tissue regeneration using tissue engineering.

2. WHAT IS STEM-CELL THERAPY?

Stem cells are found in various tissues in the body, including the blood,
bone marrow, fat, connective tissue, nerves, skin, etc. When stimulated,
stem cells have the capacity to produce specific, mature cell types. Stem
cells are believed to replenish damaged or dead cells in the body.

The stem cell therapies described here use adult stem cells. Since cell
manipulation is not applied, there is no risk of developing tumours. The
ethical issues associated with embryonic cells are also avoided. There is
no risk of rejection by the immune system, as the patient’s own cells or
immunotolerant stem cells are used. This means that, unlike organ trans-
plantation, stem-cell therapy does not need adjuvant therapies such as the
continuous administration of immunosuppressants. Furthermore, both
cell extraction from the body and cell replacement (either as-is or after
culturing) can be partially automated. Many procedures can be performed
using relatively simple techniques, such as intravenous infusion and other
techniques that do not require general anaesthetic.

Adult stem cells fall into two broad categories. One is haematopoietic
stem cells. As their name indicates, these stem cells can produce blood cells,
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but they can also generate vascular cells. The other type is currently referred to
as mesenchymal stem cells. They are so named because these stem cells were
originally thought to produce cells that originate in the mesoderm (mesen-
chyme), including the bone and fat. However, recent studies have revealed
that some mesenchymal stem cells can create nerve cells, which are not of me-
sodermal origin. Further research is needed to uncover more about these cells.

How do we identify adult stem cells when they exist only in minute
quantities in the body? The answer lies in using markers for the glycopro-
teins that are expressed on their membranes. For example, since haemato-
poietic stem cells have a glycoprotein called CD34, they can be identified
as CD34" cells. These CD34* haematopoietic stem cells show potential for
treating blood vessels in the legs that have been obstructed in critical limb
ischemia (Stem Cell Therapy 3) and for treating intractable bone fractures
(Tissue Engineering 1) in combination with a scaffold. An example of an
emerging stem-cell therapy that uses mesenchymal stem cells is one for spi-
nal cord injuries (Stem Cell Therapy 1), in which nerve cells are regenerated
using CD105* cells.

Some adult stem cells defy categorization due to their diverse character-
istics. For example, multilineage differentiating stress enduring (Muse) cells,
which were discovered by Mari Dezawa of Tohoku University in 2010,
are thought to create cells of various tissue types and to play a specialized
role in the repair of body tissues. Muse cells are the basis for a translational
approach to treating myocardial infarction (Stem Cell Therapy 2) and have
been used to regenerate cardiac muscles, which had previously been con-
sidered difficult to do. Remarkably, studies have indicated that intravenous
infusion of Muse cells is effective for treating myocardial infarction patients
and, despite being an allogeneic transplant, immunosuppression is not
needed for the initial infusion.

The above-mentioned stem-cell approaches all employ extremely simple
medical procedures. They harness the body’s innate healing mechanism,
by extracting stem cells, boosting them outside the body and then return-
ing them to the patient, as is the case in intravenous infusion of stem cells
from the patient. The therapies are based on biological principles known as
stem-cell physiology, which have been described in the publications listed
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Figure 1. Multicellular symbiotic system for maintaining homeostasis that inherits self-preserving ability
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in Ref. 2. The basic steps of this mechanism are tissue damage = signalling
-> signal perception by stem cells = migration = homing = condition-
ing = repair. Stem cells are found throughout the body, and they maintain
the processes of life. But, when the need arises, stem cells are mobilized
from the bone marrow and home in on the site requiring repair, where
they enter the lesion to condition and conduct the repair process. This is
the essence of the morphological functional homeostatic mechanism of liv-
ing organisms, which stem-cell therapies harness. In conjunction with this,
regenerative medicine also uses cells that are not stem cells per se but can be
activated either to migrate to the lesion (for example, cells at the periphery
of the eardrum, which are induced by basic fibroblast growth factor; Tis-
sue Engineering 3) or to self-renew (for example, oral mucosa cells; Tissue
Engineering 2). Tissue engineering is the key to the success of therapies that
use these cells (Fig. 1).

3. PROVIDING SCAFFOLDS THROUGH TISSUE ENGINEERING
When a damaged area of a tissue has a gap or hole, scaffolds are needed
for cells to grow on. This is the purview of tissue engineering, and some
of its elemental techniques have already been commercialized. It is vital
to appropriately combine cellular regenerative medicine with tissue engi-
neering techniques.

A diverse range of tissue engineering techniques are available. For ex-
ample, a gelatin sponge called Spongel” is used in the regeneration of the
eardrum (Tissue Engineering 3). Eardrum cells can be grown by stimulating
the basic fibroblast growth factor. To activate the cells, Spongel® is used to
plug a hole in the eardrum. Since the eardrum is not flat, a three-dimen-
sional approach is needed, which is why Spongel” is used to fill a perforation
in the tympanic membrane. A coating of fibrin adhesive is then applied to
cause the regenerative cells to migrate from the periphery of the eardrum to
the Spongel® scaffold — this is what makes the therapy effective. Remark-
ably, a natural three-layered membrane forms inside the Spongel® scaffold.

Investigational approaches to regenerating the cornea in the eye (Tissue
Engineering 2) involves culturing a sheet of oral mucosa cells on amnion
membrane. The damaged area of the cornea is cut away, and the cultured
cell sheet is placed on the area. In proposed treatments for intractable frac-
tures (Tissue Engineering 1), CD34* cells and collagen are injected together
into the non-union area of fractured bone. A fibrous protein known as at-
elocollagen is used to fill in the fractured part of the bone and form a scaf-
fold for bone cell regrowth.

4. TREATMENT DESIGN BASED ON CELL PRINCIPLES

Research conducted globally on regenerative therapies for various discases
has not always been successful. How have Japanese researchers achieved a
series of good outcomes? One reason is that they design therapeutic ap-
proaches based on a deep understanding of biological processes that occur
in the human body.

Living organisms maintain homeostasis through mutual interactions
between different cells. If some abnormality occurs in the body, it is de-
tected and stem cells are mobilized to the site, where they start to address
the abnormality. This cell activity includes discriminating between cells
that should be allowed to live and those that should die. It then involves
sending in the necessary factors to cells designated for preservation, and
eliminating inflammation or promoting blood-vessel development. New
cells are regenerated when the tissue has been repaired.

Cells function in a similar way to human society, performing operations
in an ordered sequence. Stem cells may be regarded as leaders in this process,
giving instructions to other cells. For major traumas, there are insufficient
stem cells naturally present in the human body, and hence stem cells need
to be cultured 77 vitro to multiply their number and make up for what the
body cannot provide. When designing therapies, it is thus important to
clearly identify what is happening in a specific disease or disorder as well as
what is missing.

For example, stem cells can be administered intravenously to the body
or by local administration to the lesion. Intravenous administration gives
good outcomes when treating spinal injuries and myocardial infarction; this
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is thought to be because the stem cells used are those normally involved in
repairing and regenerating the peripheral microcirculatory system.

Designing a therapy requires understanding the biological principles and
cell processes involved in maintaining the homeostatic health of multicel-
lular organisms. It is vital to consider how such organisms preserve integrity,
maintain homeostasis, form tissues and scaffolds. It also important to know
about other aspects such as self-organizational principles, cell symbiosis,
thythm, synchronism and symmetry. These principles all orchestrate pro-
cesses in living organisms and are overall encompassing activities. Keeping
these principles in mind, we then need a full understanding of the similarity
between animal models and human disorders; in other words, how animal
models mirror the type, pathology, state and stage of a human disorder.

‘Therapies should be developed and evaluated by conducting registration
trials that comply with the law with a view to filing for licensing. When
conducting a registration trial, exact data satisfying the strict criteria of good
manufacturing practice (GMP), good laboratory practice (GLP) and good
clinical practice (GCP) standards can be obtained through the guidance
and advice offered by the Pharmaceuticals and Medical Devices Agency
(PMDA; the Japanese equivalent of the FDA in the United States). In
Japan, the Ministry of Health, Labour and Welfare instituted the Sakigake
Designation System in 2015°, which allows therapies developed in Japan
that show strong promise but that have not been approved in other coun-
tries to be fast tracked in the authorization process and to be prioritized
in screening and evaluation. Therefore, applying for licensing under this
system is highly recommended.

5. TRANSFORMATION OF MEDICAL CARE
This collection of articles focuses on disorders resulting from damage to six
types of tissue: nerve, vascular, myocardial, bone, eardrum and corneal. New
therapies for more-complex diseases will be reported in the future. Promis-
ing targets for future therapies include conditions where the autoimmune
system attacks tissues, such as ulcerative colitis and hepatic cirrhosis, and
diseases where prionoids attack nerve cells, such as Alzheimer’s disease. To
deal with such diseases, our existing knowledge of cell mechanisms needs
to be supplemented by forthcoming therapeutic principles gained from the
stem-cell therapies and tissue-engineering technologies presented in this
collection. However, practical treatments for these diseases are not far off.
We also envisage developing ways to overcome arteriosclerosis and major
cancers, such as prostate and bowel cancers. We have already reported on
new treatments for ulcerative colitis in a white paper associated with a recent
Nature Outline. In the future, we hope to be able to report on the next
stages of regenerative medicine, such as one-step methods for adjusting the
quantity of stem cells required for therapy, the use of new biologically active
materials produced by stem cells (but that does not require using stem cells),
and the development of drugs that mobilize or activate stem cells 772 vivo.
Regenerative medicine based on stem-cell therapy and tissue engineer-
ing promises to provide definitive therapeutic outcomes for various diseases
and disorders by applying relatively simple procedures. As such, regenerative
medicine has rendered obsolete the accepted norms of existing drug-devel-
opment strategies, and it demands huge innovations in the concepts of drug
therapy and drug discovery. Regenerative medicine will be fundamental for
future medical care around the globe. As the development of regenerative
medicine enters its second exciting stage, we are certain this is where the
future of medicine lies.
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Osamu Honmou

Potential treatment of cerebral
infarcts and spinal cord injury
with mesenchymal stem cell
transplantation

Osamu Honmou
Department of Neural Regenerative Medicine, Research Institute for Frontier Medicine,
Sapporo Medical University School of Medicine, Sapporo, Japan

-

Current treatments for cerebral infarctions and spinal cord injuries are unsatisfactory.
Researchers at Sapporo Medical University supported by the Translational Research Center
for Medical Innovation (TRI) in Japan have been conducting transplantation experiments
using mesenchymal stem cells (MSCs] as donors in animal models of cerebral infarction and
spinal cord injury. The results indicate the remarkable therapeutic benefits of intravenous
administration of these cells. A clinical study with subacute cerebral infarction patients
suggested the safety and potential therapeutic effects of autologous MSCs that had been
cultured using autologous human serum and administered by a single intravenous infusion.
A clinical trial on the application to cerebral infarction is ongoing, while a clinical trial on the
application of MSCs to spinal cord injuries has also been completed. MSCs have the potential
to cause a paradigm shift in treatment strategies for refractory neurological diseases.

1. CEREBRAL INFARCTION

1.1 Introduction

Cerebral infarction is a disease that still lacks a cure, and recovery from the residual neurological dysfunc-
tion it causes is extremely difficult. Its annual incidence in Japan is just under 300,000. Most patients die
or are left with a serious residual disability. An estimated 5.2 million people in Japan will need nursing
care by 2025. The number of people with risk factors for cerebral infarction (such as diabetes, hyperten-
sion and hyperlipidemia) currently exceeds 10 million, and it is expected to continue rise as Japan’s pop-
ulation ages. The social burden of cerebral infarction is enormous — annual healthcare costs are estimat-
ed to be about 2 trillion yen and social costs about 8 trillion yen.

Treatment to date is based on the concept that the therapeutic window after the onset of cerebral in-
farction is very short. The harsh reality is that no effective treatment currently exists for infarct lesions
once they are complete. The gold standard has thus been to detect the ischemia site before an infarct is
complete and to provide intensive treatment focused on thrombolytic therapy within a very limited pe-
riod after onset. Current standard treatment is both medical (including antiplatelet and anticoagulant
therapies) and surgical (including cerebral revascularization), but the results are unsatisfactory. Intrave-
nous tissue plasminogen activator therapy, a promising hyperacute treatment, has also been used, but
only a limited number of patients are eligible for it, since it must be given within 4.5 hours of onset.

It is thus difficult to treat cerebral infarction. Brain tissue is quickly damaged, and it is difficult to start
effective treatment during this time. Furthermore, there is no established treatment for regenerating cen-
tral nervous tissue that has been damaged by ischemia. Rehabilitation is the only treatment for disabili-
ty after cerebral infarction.

A new method of treatment is thus needed. With the recent advances in neuroscience and stem-cell
research, it is becoming increasingly possible to treat central nervous system disorders using regenerative
medicine. However, although many studies have been conducted worldwide, covering many areas of ba-
sic research, most have not yet been translated into clinical practice.

Since the early 1990s, we have been actively conducting transplantation experiments using different types
of stem cells as donors in animal models of central neurological disease, including cerebral infarction mod-
els'™. From the mid-1990s, we have focused on nerve regeneration research using bone marrow cells, which
were expected to be closest to clinical application, as donor cells’™®. In particular, we have focused on mesen-
chymal stem cells (MSCs) that have a strong regenerative effect on the nervous system and have proven to be
a useful source of donor cells. We have reported many basic research results that show the remarkable thera-
peutic effects of intravenous administration of these cells in animals with various neurological disease mod-
els, including cerebral infarction’?, spinal cord injury?®** and Parkinson’s disease?®?.

5 The Principles of Regenerative Medicine

SUMMARY

Current treatment for
cerebral infarction is effective
only in the acute phase;

once the infarct is complete,
rehabilitation is the only
treatment. Treatment of the
spinal cord injuries using
current medical techniques
is similarly unsatisfactory.
We have been conducting
transplantation experiments
using mesenchymal stem cells
(MSC:s) as donors in animal
models of cerebral infarction
and spinal cord injury since
the early 1990s. We have
conducted many basic
research studies that indicate
remarkable therapeutic
effects following intravenous
administration of these cells.
Following this basic research,
we started a clinical study

in patients with subacute
cerebral infarction in
January 2007. We evaluated
the safety and therapeutic
effects of autologous MSCs
that had been cultured and
expanded using autologous
human serum. MSCs

were administered by a
single intravenous infusion
rather than by surgery. The
potential therapeutic effects
produced by this treatment
come from the multilevel
mechanisms of action of
MSCs minimizing the neural
damage caused by cerebral
infarction and facilitating the
neural regeneration. A clinical
trial on the application of
MSC:s to spinal cord injury
has been completed. MSCs
have the potential to cause a
paradigm shift in treatment
strategies for refractory
neurological diseases.

CORRESPONDING
AUTHOR

Osamu Honmou

E-mail: honmou@sapmed.ac.jp
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Figure 1. Schematic plot of symptom severity against time following administration of
mesenchymal stem cells.

Based on the preclinical proof-of-concept studies to date, the mecha-

nisms of action of MSCs may include:

 accumulation of transplanted cells in the lesions (homing effect)!®23

* neurotrophic, neuroprotective and anti-inflammatory effects of
transplanted cells via neurotrophic factors!!14162°

e remyelination of demyelinated axons™”%3!

* neural regeneration (differentiation into neural cells), regeneration of
damaged axons and axonal sprouting?*?!

¢ stabilization of the blood—brain barrier (BBB)!7:25:32

Since transplanted cells exert therapeutic effects over time on differ-
ent processes and at different sites, we can expect good therapeutic effects
from a single treatment.

Following on from this basic research, we started a clinical study in
January 2007%%3 (Fig. 1). We evaluated the safety and therapeutic effects
of autologous MSCs that had been cultured and expanded using autolo-
gous human serum in patients with subacute cerebral infarction. MSCs
were administered by a single intravenous infusion rather than by surgery.
We obtained data showing a certain improvement in recovery compared
with the course of symptoms seen with conventional treatment. These re-
sults were evaluated based on imaging findings and clinical symptoms®*.

The potential therapeutic effects produced by this treatment come
from minimizing the neural damage caused by cerebral infarction and fa-
cilitating recovery (regeneration) of the nervous system. It is difficult to
repair the damaged brain using conventional treatment. In contrast, this
new treatment is expected to actively repair the ischemic brain via the
multifaceted mechanisms described above. The proposed indication for
this investigational treatment is improvements in neurological symptoms
and signs, in impaired daily activities and in functional disability associat-
ed with cerebral infarction.

1.2. Clinical research

1.2.1 Overview

Autologous MSCs were cultured with autologous human serum and in-
travenously infused into 12 patients with supratentorial cerebral infarc-
tion*. Patients were enrolled in the study during the subacute phase after
receiving standard treatment for acute cerebral infarction. Causes of cere-
bral infarction could be any within the NINDS-III classification, but in-
fratentorial infarcts, such as cerebellar infarction and brain stem infarc-
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Figure 2. Magnetic resonance imaging images of patients’ brains before and after the
administration of mesenchymal stem cells.

tion, were excluded. Mild cases or extremely severe cases were excluded
(patients with a modified Rankin scale score of 3-5 and Japan Coma Scale
score of 0-100 were included). When all patients had been examined and
approved by the Evaluation Committee, bone marrow aspirates (up to 60
ml) were collected from the iliac crest under local anesthesia by a haema-
tologist. MSCs were then cultured in a specialized culture facility (the Cell
Processing Center) for 2 to 3 weeks until the target cell number of 1 x 10°
cells was reached. The cells were then frozen and their safety and quali-
ty tested; only those that passed the tests were administered. Administra-
tion was by intravenous infusion into a peripheral vein over 30-60 min-
utes. The study included nine men and three women, with ages ranging
from 41 to 73 years (59.2 + 8.2 years); 12 patients had motor paralysis
and 5 patients had aphasia. The patients received cell transplantation be-
tween 36 and 133 days after the onset of cerebral infarction. Assessments
included general blood lab tests such as CBC, magnetic resonance imag-
ing (MRI), and clinical symptom evaluation according to the NIH stroke
scale (NIHSS) and the modified Rankin scale (mRS).

According to NIHSS and mRS evaluation, the speed of recovery was
significantly accelerated by transplantation (Fig. 2)*. Although spontane-
ous recovery, which occurs as part of the natural course of cerebral infarc-
tion, usually slows down during the subacute phase, further acceleration
of symptom recovery occurred.

After cerebral infarction, changes in MRI (FLAIR) over time gener-
ally converge after approximately 1 month, the high-intensity area being
very similar in size, density and shape to the final infarct lesion. Howev-
er, although transplantation was performed more than 30 days after onset,
high-intensity areas on MRI (FLAIR) still showed a statistically significant
reduction in size and density after transplantation (Fig. 3)*.

1.2.2 What can we learn from these results?

We need to recognize the importance of having multiple points of action
when developing new treatments for cerebral infarction. Over the past
few decades, many drug candidates have been investigated, but their ther-
apeutic effects are limited. The mechanism of action of a drug may be very
clear when it only has limited mechanisms of action. However, the con-
ditions after cerebral infarction vary considerably and are highly complex,
as if a storm is raging in the ischemic brain. Why is cell therapy successful
in such conditions? We believe the answer lies in the diversity of mecha-
nisms of action of cell therapy. As described above, cell therapy acts in var-
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Figure 3. Effect of administration of mesenchymal stem cells on the NIH stroke scale (NIHSS] of patients.

ious ways over time on different processes and at different locations, and
this sets it apart from current pharmaceutical treatments.

We must reconsider the pathophysiology of cerebral infarction, in par-
ticular the conventional wisdom that brain tissue damage progresses irre-
versibly in a very short period after cerebral infarction, so that is impos-
sible to treat the brain once it has been damaged. The therapeutic time
window is thus thought to be limited to the hyperacute phase, and treat-
ment is focused on revascularization and neuroprotection. As described
above, cerebral infarction regions treated 6 weeks or more after the onset
of cerebral infarction recovered very quickly after cell therapy. This indi-
cates that there are treatable brain tissues remaining in regions where we
previously believed that irreversible damage had occurred. This does not
refer to the long-term existence of the penumbra; rather, neurons and ax-
ons can be dysfunctional but remain anatomically alive for a long time.

We also must treat the entire central nervous system, not just the dam-
aged brain. Many people tend to think of regenerative medicine only as
regeneration of damaged brain tissues. However, they are failing to see the
forest for the trees. The brain has a larger backup system than we think.
In evolutionary history, the nervous system, which is crucial to our sur-
vival, encountered many challenges and acquired various backup systems.
When trying to reduce disability after cerebral infarction, regenerating the
damaged brain is certainly important but so is increasing the plasticity of
the healthy areas of the brain. Indeed, increased plasticity is particularly
noticeable after cell therapy. In regenerative medicine for cerebral infarc-
tion, we must make a paradigm shift towards treating the entire central
nervous system.

And we need to recognize the importance of self-healing. Among the

7 The Principles of Regenerative Medicine

various types of stem cells currently available, why does intravenous infu-
sion of high-dose MSCs produce such a potential therapeutic effect? The
answer lies in the role that MSCs play under normal circumstances. Even
when we are healthy, MSCs secem to be released from the bone marrow
into the peripheral circulation and are likely to be involved in maintain-
ing the function of organs and in healing wounds throughout our body.
MSCs are thought to be stem cells that make a considerable contribution
to self-healing. This sets them apart from other stem cells. Any healthcare
intervention, whether drug treatment or surgery, relies on the self-healing
that follows. The more we learn about medicine, the less we know, and
hence we must focus on maximizing self-healing abilities.

1.3. Treatment mechanism

1.3.1 The blood-brain barrier and the homing effect

It is well known that when central nervous system (CNS) tissues are dam-
aged by ischemia, the BBB is destroyed, and this BBB dysfunction often
lasts for about 1 month, depending on the extent of ischemia. To evalu-
ate the extent to which BBB destruction is involved in the accumulation
mechanism (homing effect) of intravenous MSCs in cerebral infarction
lesions, we used a rat model of permanent middle cerebral artery occlu-
sion. In this cerebral infarction model, BBB breakdown lasted for approx-
imately 2 weeks and was mostly repaired after 4 weeks'®. However, intra-
venously administered MSCs continued to accumulate in the lesions in
the same manner more than 4 weeks after ischemic injury'®. This suggests
that breakdown of the BBB is not needed for MSCs to migrate from the
blood vessels to the brain parenchyma. An experiment with a mouse mod-
el of prion disease, in which there is minimal BBB destruction, showed a

advances.tri-kobe.org/en

er

f. 34, copyright (2019), with permission from Elsevi

m Re

Modified fr¢



Stem Cell Therapy 1 Osamu Honmou

similar homing effect®. We conclude that sufficient numbers of intrave-
nously administered MSCs can reach lesions even in subacute or chronic
cerebral infarction where repair of the BBB is almost complete’’, and can
reach lesions not only in supratentorial but also in infratentorial regions'®.

1.3.2 Multilevel mechanisms of action

We have published many basic research findings on the several possible
mechanisms involved in using MSCs to treat cerebral infarction. These
mechanisms fall into three main groups: neurotrophic and neuroprotec-
tive effects by neurotrophic factors''*'®?°, angiogenic effects (recovery
of cerebral blood flow)****?” and neural regeneration!®!"141520.25.28.29.3657,
We presume that these therapeutic effects are produced at different times.
Neurotrophic and neuroprotective effects by neurotrophic factors occur
very quickly, in a matter of hours, because humoral factors produced by
MSCs act directly on the cerebral infarct lesion. Angiogenic effects start
to appear approximately 3 days after the onset of cerebral infarction, and
the recovery of cerebral blood flow becomes obvious after 1 week. The ef-
fects of neural regeneration first become apparent after 1 week and they
increase over at least several months. Although these mechanisms are
based on inherences drawn from animal studies, the results of our clinical
study®3* suggest similar multilevel effects also occur in humans.

1.3.3 Mechanisms of action of neurotrophic factors

We confirmed a statistically significant change in clinical symptoms and
MRI measurements within 1-2 weeks after cell transplantation. Most pa-
tients showed reduced motor paralysis and improved resolution of spas-
ticity within 1-3 days after transplantation, and reduction in the high-in-
tensity area in MRI (FLAIR) within 1-2 weeks. These changes, observed
soon after transplantation, are thought to be mainly due to the activity of
neurotrophic factors secreted by the transplanted cells. After intravenous
administration, transplanted cells accumulate in the cerebral infarct lesion
and increase local levels of neurotrophic factors (e.g., brain-derived neuro-
trophic factor [BDNF]? and glial-derived neurotrophic factor [GDNF]")
within several days'.

The effects of BDNF and GDNF on brain edema are well known, but
these two factors are effective only in reducing edema in the acute phase
of cerebral infarction. The patients in our clinical study were subacute cas-
es, so this mechanism may differ slightly from the effects on regular brain
edema. It may be more accurate to say that the high-intensity area on MRI
(FLAIR) during this phase indicates a condition where intra- and extracel-
lular fluid volumes are high. In current clinical practice, this high-intensi-
ty region has been considered dead or close to dying, and hence unable to
be reduced using existing drugs (such as osmotic diuretics and steroids). If
the recovery of neural function in our patients did indeed result from a re-
duction in brain edema due to the increased concentration of neurotroph-
ic factors at the local lesion site, we may have to fundamentally reconsid-
er the currently accepted pathophysiological concepts of cerebral infarct
lesions. The region we have considered to be untreatable in subacute cere-
bral infarctions is not in fact damaged beyond repair, but consists of brain
tissues that can still be treated.

Not only do neurotrophic factors have anti-edematous and apoptosis-
reducing effects', they also affect neuronal excitability by acting directly
on ion channels on the surface membrane of both neural cells and axons®.
For example, BDNF causes changes in neuronal excitability by altering
the potassium channel kinetics and the properties of the resting mem-
brane potential, polarization of the action potential, and after-hyperpolar-
ization, all of which occur extremely quickly. The excitability of the neu-
ral cell changes within milliseconds of BDNF reaching a cell. BDNF also
directly affects the efficiency of neurotransmission in the synapses. Thera-
peutic effects seen during the carly stages after transplantation may due to
the effects of these neurotrophic factors, which may restore the functions
of the surviving dysfunctional neural cells and axons.

We also know that BDNF restores the activity of K-Cl transporters
in the spinal cord and increases the effects of GABA, thereby reducing
spasticity. Indeed, spasticity reduction was seen within several days af-
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ter transplantation. These results suggest that cell therapy’s site of action
is not limited to the local cerebral infarct; we may have to consider that
cell therapy improves the overall function of the brain, spinal cord and
nerves. From this perspective, systemic administration by intravenous in-
jection is reasonable.

1.3.4 Angiogenesis and stabilization of the BBB

One of the effects of MSCs during treatment is recovery of cerebral
blood flow by angiogenesis??*?’. There are two possible mechanisms
for this: MSCs accumulating in the local cerebral infarct induce angio-
genesis by secreting angiogenic factors (e.g., vascular endothelial growth
factor [VEGF] and angiopoietin); and transplanted MSCs differentiate
into vascular endothelial cells and form new blood vessels. Approximate-
ly 90% of the endothelial cells of the new vessels are derived from the
host, while the other 10% are derived from donor cells. According to
the results of our basic research based on animal studies, recovery of ce-
rebral blood flow due to angiogenesis becomes significant approximate-
ly 1 week following transplantation?. A clinical study showed improved
cerebral blood flow 1 week after transplantation®.

As part of their effect on blood vessels, MSCs have also been found
to repair the disrupted BBB. The BBB is impaired regardless of the cause
of injury (i.e., ischemia or trauma). BBB injury recovers to some ex-
tent after approximately 1 month; however, recent studies have revealed
that the BBB is not completely repaired even in the chronic phase, and
injury continues to negatively affect the surrounding brain tissues. In-
travenously administered MSCs have been demonstrated to repair this
longer-term breakdown of the BBB, leading to therapeutic effects'” 2532,

1.3.5 Neural regeneration

It has been suggested that neural regeneration is involved in the therapeutic
action of MSCs. There are two possible mechanisms for this: MSCs accu-
mulating in the local cerebral infarct promote endogenous neurogenesis;
and transplanted MSCs differentiate into neuronal and glial cells'®!"141
20.25,28.29,3657 Remyelination due to differentiation of MSCs into myelin-
forming cells, and stimulation of axonal sprouting and regeneration have
also been reported®”*3!. Thus, neural regeneration is believed to involve
various multilevel regenerative processes.

1.3.6 Regeneration of the entire central nervous system

MSCs are known to induce regeneration at the local site of injury, but
they have also been shown to increase the plasticity of the area surround-
ing the injured site and of the normal brain on the opposite side’*¥.
These effects are enhanced when combined with rehabilitation?. Thus, for
brain/spinal cord regeneration, it is important to treat not only the local
site of injury but the entire CNS. For this reason, intravenous administra-
tion of the cells, which enables them to be delivered to the entire CNS, is
preferred over local transplantation.

1.4 Cell culture: Autologous human serum versus fetal bovine serum
Like any other stem cells, MSCs change during culture depending on
their collection site and culture method. For example, even if we use the
same basic medium, culturing cells using fetal bovine serum (FBS) will
produce cells with different biological characteristics from those produce
by culturing cells using autologous human serum. Using autologous hu-
man serum reduces the potential risk of infection, for example by pri-
ons®. The cells are also maintained in a less differentiated state and have
more stable gene expression and more rapid proliferation than cells cul-
tured with FBS*.

Gene expression analysis reveals that angiopoietin-like 4, which inhib-
its apoptosis, is upregulated in MSCs cultured in autologous human se-
rum, resulting in reduced cell death; in contrast, growth arrest-specific
protein 1 and anti-proliferative protein 1 are highly expressed in MSCs
cultured in FBS, slowing the proliferation rate.

FBS also induces differentiation into mesenchymal lineages. For exam-
ple, cells cultured in FBS have high expression levels of genes associated with
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differentiation into osteoblasts (cytokine-receptor-like factor 1, transmem-
brane glycoprotein NMB), adipocytes (leptin receptor, inhibitor of DNA
binding 4, members of the complement system), and chondrocytes (extra-
cellular matrix genes, cytokine receptor-like factor 1, leptin receptor, ec-
tonucleotide pyrophosphatase/phosphodiesterase 2, transforming growth
factor-f, SMADG, OLF1/EBF-associated zinc finger gene)™.

A further problem with the use of FBS is the development of acute
and delayed immune reactions caused by xenogeneic protein contam-
ination. When human MSCs cultured in xenogeneic serum (10° cells)
are transplanted, approximately 7-30 mg of xenogeneic serum protein is
known to enter the host; side effects caused by xenogeneic protein have
been reported®.

1.5 Autologous versus allogeneic transplantation

Since it takes about 1 to 2 weeks to culture autologous MSCs, we need to
develop ways to treat acute diseases, for example, cell banking. Cultured
autologous MSCs can be stored frozen for more than 10 years long peri-
ods. Patients with a history of transient ischemic attack or high-risk factors
may have their MSCs cultured, expanded and cryopreserved in advance,
so that they can be administered immediately after cerebral infarction.

In patients whose MSCs need to be cultured after the onset of in-
farction, cell therapy may be combined with traditional treatment meth-
ods; for example, MSCs can be cultured while the patient is being treat-
ed with hypothermia during the acute phase to delay the damage to the
brain tissues.

Although allogeneic transplantation would solve the problem of cul-
ture time, significant challenges are associated with it, such as immune
rejection. In T cell activation — the starting point of immune rejec-
tion — cell-surface MHC molecules bind to the T cell receptor/CD3
complex on the T cell surface and adhesion molecules mediate co-stim-
ulatory signals. Since MSCs are positive for both HLA classes I and IT
and adhesion molecules (e.g., CD40 and CD59), intercellular adhesion
molecule (ICAM)-1, ICAM-2, ICAM-3 and vascular adhesion molecule
(VCAM)-1, MSCs are highly likely to become antigen-presenting cells.
After transplantation, MSCs differentiate in the host’s body, resulting
in higher expression of antigen-presenting molecules. Therefore, co-ad-
ministration of immunosuppressants is mandatory when transplanting
allogeneic MSCs. However, given the short- and long-term side effects
of immunosuppressants, their use would be very limited. Even when
immunosuppressants are used, allogeneic transplantation is less effec-
tive than autologous transplantation. Obtaining large numbers of allo-
geneic MSCs that are safe and high quality also presents methodological
problems. Thus, the use of allogeneic MSCs would be limited to dis-
eases for which autologous MSC transplantation cannot be performed.
For the time being, regenerative medicine using autologous MSCs will
take precedence.

1.6 Mode of administration

In cell therapy, we must account for the particular challenges of admin-
istering suspensions of living cells. First, these cells are not always 100%
separated to the single-cell level. Second, not all cells are alive, so that
clumps of cells, particularly dead cells, could become sources of embo-
li. There is very little difference in therapeutic effect between intra-arterial
and intravenous administration. If MSCs are to be administered intravas-
cularly, we can ensure both safety and effectiveness with intravenous ad-
ministration. Intrathecal administration has the advantage that it needs
relatively few cells, but it leads to a lower rate of cell accumulation at the
lesion site, and it is difficult to deliver the cells deep into the brain. This
administration mode cannot be used when cerebrospinal fluid (CSF) flow
is blocked.

If MSC:s are to be transplanted directly into the brain by stereotactic sur-
gery, as has been done in small-animal studies, they would need to be in-
jected at multiple points because of the larger size of the human brain. This
would increase the risk of bleeding, infection and additional injury. Further-
more, there are no criteria for determining appropriate transplantation sites.
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Although it requires administering a relatively high number of cells,
intravenous administration is considered best in terms of safety, cell deliv-
ery, targeting, effectiveness, versatility and equipment needed.

1.7 Topics for future investigation

The results of our clinical study raise new questions. Functional recovery
in cerebral infarct patients treated with MSC transplantation did not al-
ways follow the same course as that observed in patients not treated with
MSCs. For example, shortly after MSC transplantation, some patients
showed further improvement in volitional control of their peripheral ex-
tremities, and some showed improvement in complete flaccid paralysis of
their upper extremities. The effects of MSC transplantation are thought
to be due to both donor and host cells, and are characterized by various
mechanisms operating at different times and different sites. This may ex-
plain why the recovery course seen in this study differed from the con-
ventional course. Points to reconsider include the development of new
measures of effectiveness, and different approaches to rehabilitation and
goal setting.

Most methods of assessing stroke are based on data obtained by ob-
serving the course of spontaneous functional recovery. The various recov-
ery processes induced by MSC transplantation, which differ from tradi-
tional processes, cannot be fully assessed by traditional methods; we need
to develop new measures that account for treatment mechanisms. MSC
transplantation is also likely to lead to recovery in smaller motor units,
which we need to be able to assess in detail. One possible way is to use ob-
jective data obtained from 3D motion analysis. However, we also need a
simpler assessment method that does not require special equipment.

Rehabilitation strategies also need to be reconsidered in order to in-
crease the therapeutic effects of MSC transplantation. Neural cells start
to regenerate soon after treatment and the process continues for several
months; differentiation of donor cells into neural cells and activation of
host cells continue, resulting in reconstruction of neural circuits. The key
role of rehabilitation is to facilitate this reconstruction effectively and ef-
ficiently. We need to investigate what methods are most appropriate for
reconstructing neural circuits, making use of existing and new methods.
It is important to accurately activate the target neural circuit and increase
its use; the key factors are the form, number of sessions and frequency
of exercise.

We can expect a change in the overall goal of rehabilitation. Tradition-
ally, the goal has been to help patients return to home and work, based on
the prevailing idea that it is difficult to regenerate the impaired brain. In
addition to preventing joint contractures and disuse syndrome, rehabili-
tation aims at maximizing the use of remaining function, using assistive
devices to compensate for lost function, and enabling patients to perform
daily living activities. Achievement of higher goals such as walking de-
pends on how much function remains. Regenerative medicine using MSC
transplantation will overturn current ideas on rehabilitation and will fun-
damentally change rehabilitation strategies. MSC transplantation promis-
es further improvement in the functions of the extremities and trunk, and
so we can set higher goals and see higher success rates.

2. SPINAL CORD INJURY

2.1 The need for a new treatment

Spinal cord injuries occur when the spinal column is subjected to a power-
ful external force, usually trauma. The most common causes are traffic ac-
cidents, followed by sport- or work-related accidents and falls from stairs.
There are 100,000 affected patients in Japan, and an estimated 5,000 peo-
ple are injured each year. The cost of healthcare in the first year after an
injury is over 10 million yen per patient; the total annual healthcare cost
for those who are newly injured is 50 billion yen. According to a closed
commercial report by Thomson Reuters, social security for spinal-cord-
injury patients costs more than 10 billion yen globally each year. In ad-
dition, there are large financial losses, including lost employment oppor-
tunities for patients with spinal cord injury and for family members who
provide care.
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When the spinal cord is injured, the patient loses movement and sen-
sation in the arms and legs below the level of injury. The higher the injury,
the more extensive the paralysis and the more severe the disability. Dam-
age at the thoracic or lumbar level can cause paralysis of the lower body,
whereas damage at the cervical level can produce quadriplegia. Unfortu-
nately, it is impossible to regenerate the injured spinal cord using current
medical techniques, so development of a new treatment has been eager-
ly anticipated for years. In Japan, many of these patients are young, and
most of them must live with serious disabilities for the rest of their lives.

Currently, there are three standard treatment methods, none of which
provide satisfactory outcomes.

1. Decompression and stabilization surgery during the acute phase

It is impossible to repair the injured spinal cord itself by surgery. The main
purpose of surgery is to reduce and stabilize fractures and dislocations of
the spinal column. A direct therapeutic effect on residual disability cannot
be expected from surgery.

2. High-dose methylprednisolone therapy during the acute phase

Within 8 hours of injury, methylprednisolone 30 mg/kg is given over 15
minutes, followed after a further 45 minutes by continuous infusion of
5.4 mg/kg/h for 23 hours. However, this treatment has many side effects,
and its therapeutic effect is being re-examined.

3. Rehabilitation

Rehabilitation centres mainly on physical and occupational therapy, in
which patients practice activities of daily living with the aim of return-
ing to their social activities. However, rehabilitation has very limited ther-
apeutic effect. Rehabilitation for spinal cord injuries does not aim to re-
cover lost functions; rather its main aim is to make the most effective
use of remaining functions and to enable patients to perform activities of
daily living.

2.2 Research overview

The basic research we have conducted over many years leads us to expect
that autologous MSCs (STRO1) (the study drug used in investigator-
sponsored trials for cerebral infarction) will also be effective for spinal
cord injury?®*3. We are therefore attempting to expand the indication
of this investigational drug to spinal cord injury. We submitted a clinical
trial notification in October 2013 and started an investigator-sponsored
trial (phase II: open label, exploratory trial). The proposed indication is
“improvement of neurological symptoms and signs and functional dis-
ability associated with spinal cord injury (therapeutic classification code:
other biological products 639).” This trial is registered in the Clinical
Trials Registry of the Japan Medical Association Center for Clinical Tri-
als (https://dbcentre3.jmacct.med.or.jp/jmactr/App/J]MACTRE02_04/
JMACTREO02_04.aspx?kbn=38&seqno=3923).

Neuroradiological, histological and behavioural improvement has
been seen in rat models of spinal cord injury after intravenous transplan-
tation of MSCs*>35, Treatment mechanisms may include neuroprotec-
tive, neuroregenerative, angiogenic and anti-inflammatory effects?*%.
Treatment was found to be effective not only in the hyperacute phase
but also in the chronic phase?, demonstrating a relatively broad therapeu-
tic time window.

Most studies on regenerative medicine for spinal cord injury adopt
the method of directly transplanting cells into the injury site. However,
this necessitates inserting a needle into the injured spinal cord to infuse
cells, which risks causing additional damage. Direct transplantation also
has limited potential treatment mechanisms. Furthermore, even if effica-
cy can be demonstrated in animal models, the potential risk is considered
too high for humans. In this trial, however, autologous MSCs are deliv-
ered through intravenous infusion; this procedure is simpler, less invasive
and allows the administered cells to reach the entire damaged area due to
their natural capacity to accumulate at the injury site. Treatment is expect-
ed to produce excellent results.

29,38
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Intravenously administered MSCs are known to induce regeneration
of the motor areas of the cerebral cortex in rats with spinal cord injury™.
To maximize the possible therapeutic effect, it is important to induce re-
generation of the entire CNS and not just at the spinal cord injury site.
Consequently, intravenous injection, which can deliver cells to the entire
CNS, is considered a better administration route.

At present, techniques exists to alleviate the damage of spinal cord in-
jury (surgery and drug therapy during the acute phase, followed by reha-
bilitation), but no techniques can repair the damaged spinal cord itself.
MSC administration could become a breakthrough therapy.

2.2.1 An investigator-sponsored trial of STROI in spinal cord injury
We aim to establish a completely new treatment for spinal cord injury
in this investigator-sponsored trial. The indication for this investigation-
al treatment is “improvement of neurological symptoms and signs, im-
paired activities of daily living, and functional disability associated with
spinal cord injury.”

Basic research and preclinical proof of concept studies conducted to
date suggest that the action mechanisms of this treatment may include
accumulation of transplanted cells in the lesions (homing effect); neu-
rotrophic, neuroprotective and anti-inflammatory effects of transplanted
cells via neurotrophic factors; remyelination of demyelinated axons; neu-
ral regeneration (differentiation into neural cells), regeneration of dam-
aged axons and axonal sprouting; stabilization of the blood—spinal cord
barrier. Since transplanted cells exert multiple therapeutic effects at dif-
ferent times and sites, we can expect very good therapeutic effects after a
single treatment.

This treatment is expected to produce greater therapeutic effects than
existing treatments since it will minimize neural damage caused by spinal
cord injury, inhibit progression of delayed secondary neural injury and
facilitate recovery and regeneration of neural cells and axons. Standard
treatment cannot repair the damaged spinal cord. In contrast, this new
treatment is expected to actively repair the injured spinal cord by the mul-
tifaceted mechanisms described above.

The three measures used to assess improvement of neurological symp-
toms and signs, impaired activities of daily living and functional disabili-
ty associated with spinal cord injury are:

* ASIA Impairment Scale, developed by the American Spinal Injury
Association (ASTA), which is used as the primary outcome measure
for assessing improvement in impaired movement and perception

* International Standards for Neurological and Functional
Classification of Spinal Cord Injury (ISCSCI-92) designed by ASIA

* Spinal Cord Independence Measure (SCIM-III), an activity of daily
living measure designed specifically for spinal cord injury.

Patients included in the trial are those with cervical cord injury (se-
vere cases categorized as grade A, B or C in the ASIA Classification).
First registration occurs within a few weeks of spinal cord injury. This is
immediately followed by collection of bone marrow and culture of mes-
enchymal stem cells. The cells are administered intravenously on day 40,
and efficacy and safety are evaluated on day 220 (about 6 months after
treatment). This clinical trial has already been completed, and the Japan
Ministry of Health, Labor and Welfare officially approved “Condition-
al/Time-limited Authorization” (28 December 2018).

3. FUTURE PROSPECTS
Intravenous MSC therapy is known to be effective not only for localized
brain ischemias such as cerebral infarctions, but also for global cerebral isch-
emias such as post-resuscitation encephalopathy®. It has thus been suggest-
ed that intravenous administration of autologous MSCs will be effective for
any type of ischemia and will have a wide range of applications. In short,
this treatment can act as a potential neuroprotective agent during ischemia
of the brain, spinal cord and nerves, and has various potential uses.

The treatment mechanisms of MSCs are wide ranging and in-
clude neurotrophic and neuroprotective effects via neurotrophic fac-
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tors; angiogenic effects (recovery of blood flow); stabilization of the
BBB; neural regeneration; and an increase in plasticity, which is be-
lieved to contribute greatly to therapeutic effects during the chronic
phase. These effects are seen in both adult*** and developing brains®.
Intravenous administration of MSCs to a neonatal rat model of cere-
bral infarction has demonstrated increased plasticity of the normal side
of the brain, increased brain volume and number of neural cells, and
behavioural improvements®.

MSC:s have an inhibitory effect on abnormal neural circuits®. Intra-
venous administration of MSCs in a rat epilepsy model has reduced ep-
ileptic seizures by inhibiting abnormal neural circuits and increasing the
number of inhibitory GABA neurons*. Thus, MSCs have complementa-
ry effects on the CNS when there is a deficit in neuronal activity, and in-
hibitory effects when there excessive neuronal activity.

We can therefore safely say that MSCs greatly contribute to self-heal-
ing. In animal studies, their effectiveness has already been demonstrated
in various neurological diseases including:

e chronic cerebral infarction’"”

* cerebral hemorrhage!”

e chronic spinal cord injury®

* post-resuscitation encephalopathy
 Parkinson’s disease®!

e prion disease®

* hypoxic ischemic encephalopathy in the developing brain®
o epilepsy®

* brain tumours®

e peripheral nerve injury®*

39

Regenerative medicine using somatic stem cells, including bone mar-
row transplantation, is expected to be put to practical use very soon because
it has a high safety profile, allows for autotransplantation, and some of its
techniques are already being used. In particular, since MSCs can be cultured
and expanded from very small amounts of bone marrow, they are increas-
ingly being recognized as convenient cells for clinical application.

MSC:s have the potential to cause a paradigm shift in treatment strat-
egies for refractory neurological diseases including stroke and spinal cord
injury, and we anticipate that the indications for “autologous mesenchy-
mal stem cells (STRO1)” to be expanded to many refractory neurologi-
cal diseases.

REFERENCES

1. Akiyama, Y., Honmou, O., Kato, T., Uede, T., Hashi, K. & Kocsis, J. D. Transplantation
of clonal neural precursor cells derived from adult human brain establishes functional
peripheral myelin in the rat spinal cord. Exp. Neurol. 167, 27-39 (2001).

2. Honmou, O., Felts, . A., Waxman, S. G. & Kocsis, J. D. Restoration of normal
conduction properties in demyelinated spinal cord axons in the adult rat by
transplantation of exogenous Schwann cells. /. Newrosci. 16, 3199-3208 (1996).

3. Kato, T., Honmou, O., Uede, T., Hashi, K. & Kocsis, J. D. Transplantation of human
olfactory ensheathing cells elicits remyelination of demyelinated rat spinal cord. Glia
30, 209-218 (2000).

4. OkaS$., Honmou O., Akiyama Y., Sasaki M., Houkin K. ez a/. Autologous
transplantation of expanded neural precursor cells into the demyelinated monkey spinal
cord. Brain Res. 1030, 94—102 (2004).

5. Akiyama, Y., Radtke, C., Honmou, O. & Kocsis, J. D. Remyelination of the spinal
cord following intravenous delivery of bone marrow cells. Glia 39, 229-236 (2002).

6. Tihoshi, S., Honmou, O., Houkin, K., Hashi, K. & Kocsis, J. D. A therapeutic window
for intravenous administration of autologous bone marrow after cerebral ischemia in
adult rats. Brzin Res. 1007, 1-9 (2004).

7. Inoue, M., Honmou, O., Oka, S., Houkin, K., Hashi, K. ¢z 2. Comparative analysis
of remyelinating potential of focal and intravenous administration of autologous bone
marrow cells into the rat demyelinated spinal cord. Glia 44, 111-118 (2003).

8. Sasaki, M., Honmou, O., Akiyama, Y., Uede, T., Hashi, K. ez a/. Transplantation of an
acutely isolated bone marrow fraction repairs demyelinated adult rat spinal cord axons.
Glia 35, 26-34 (2001).

9. Harada, K., Honmou, O., Liu, H., Bando, M., Houkin, K. e a/. Magnetic resonance
lactate and lipid signals in rat brain after middle cerebral artery occlusion model. Brain
Res. 1134, 206-213 (2007).

10. Honma, T., Honmou, O., lihoshi, S., Houkin, K., Hamada, H. ¢z 4/ Intravenous
infusion of immortalized human mesenchymal stem cells protects against injury in a

cerebral ischemia model in adult rat. Exp. Neurol. 199, 56-66 (2006).

11 The Principles of Regenerative Medicine

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

. Horita, Y., Honmou, O., Harada, K., Houkin, K., Hamada, H. ez /.

Intravenous administration of GDNF gene-modified human mesenchymal stem cells
protects against injury in a cerebral ischemia model in adult rat. /. Neurosci. Res. 84,

1495-1504 (2006).

. Kocsis, J. D. & Honmou, O. Bone marrow stem cells in experimental stroke. Prog.

Brain Res. 201, 79-98 (2012).

. Komatsu, K., Honmou, O., Suzuki, J., Houkin, K., Hamada, H. ez a/. Therapeutic

time window of mesenchymal stem cells derived from bone marrow after cerebral

ischemia. Brain Res. 1334, 84-92 (2010).

. Liu, H., Honmou, O., Harada, K., Nakamura, K., Houkin, K. ¢z a/. Neuroprotection

by PIGF gene-modified human mesenchymal stem cells after cerebral ischemia. Brain
129, 2734-2745 (2000).

. Nagahama, H., Nakazaki, M., Sasaki, M., Kataoka-Sasaki, Y., Namioka, T. ez a/.

Preservation of interhemispheric cortical connections through corpus callosum
following intravenous infusion of mesenchymal stem cells in a rat model of cerebral
infarction. Brain Res. 1695, 37— (2018).

Nakamura, H., Sasaki, Y., Sasaki, M., Kataoka-Sasaki, Y., Oka, S. e /. Elevated brain
derived neurotrophic factor levels in plasma reflect in vivo functional viability of
infused mesenchymal stem cells for stroke in rats. /. Neurosurg. Sci. 63, 42-49 (2019).
Nakazaki, M., Sasaki, M., Kataoka-Sasaki, Y., Oka, S., Namioka, T. et /. Intravenous
infusion of mesenchymal stem cells inhibits intracranial hemorrhage after recombinant
tissue plasminogen activator therapy for transient middle cerebral artery occlusion in
rats. /. Neurosurg. 127, 917-926 (2017).

Namioka, A., Namioka, T., Sasaki, M., Kataoka-Sasaki, Y., Oka, S. e /. Intravenous
infusion of mesenchymal stem cells for protection against brainstem infarction in a
persistent basilar artery occlusion model in the adult rat. /. Neurosurg. https://doi.
0rg/10.3171/2018.4.JNS173121 (2018).

. Namioka, T., Namioka, A., Sasaki, M., Kataoka-Sasaki, Y., Oka, S. ez /. Intravenous in-

fusion of mesenchymal stem cells promotes functional recovery in a rat model of chronic
cerebral infarction. /. Neurosurg. https://doi.org/10.3171/2018.5.JNS18140 (2018).
Nomura, T., Honmou, O., Harada, H., Houkin, K., Hamada, H. e 2/ Intravenous
infusion of BDNF gene-modified human mesenchymal stem cells protects against
injury in a cerebral ischemia model in adult rat. Newrosci. 136, 161-169 (2005).
Omori, Y., Honmou, O., Harada, K., Suzuki, J., Houkin K. e a/. Optimization of a
therapeutic protocol for intravenous injection of human mesenchymal stem cells after
cerebral ischemia in adult rats. Brain Res. 1236, 30-38 (2008).

Onda, T., Honmou, O., Harada, K., Houkin, K., Hamada, H. ez 2/

therapeutic benefits by human mesenchymal stem cells (hMSCs) and Ang-1
gene-modified hMSCs after cerebral ischemia. /. Cereb. Blood Flow Metabol. 28,
329-340 (2007).

Sasaki, M., Honmou, O., Radtke, C. & Kocsis, J. D. Development of a middle cerebral
artery occlusion model in the nonhuman primate and a safety study of I.V. infusion of
human mesenchymal stem cells. PLoS One 6, €26577 (2011).

Sasaki, Y., Sasaki, M., Kataoka-Sasaki, Y., Nakazaki, M., Nagahama, H. ez a/. Synergic
effects of rehabilitation and intravenous infusion of mesenchymal stem cells after stroke
in rats. Phys. Ther. 96, 1791-1798 (2016).

Suzuki, J., Sasaki, M., Harada, K., Bando, M., Kataoka, Y. e 4/. Bilateral cortical
hyperactivity detected by fMRI associates with improved motor function following
intravenous infusion of mesenchymal stem cells in a rat stroke model. Brain Res. 1497,
15-22 (2013).

Toyama, K., Honmou, O., Harada, K., Suzuki, J., Houkin, K., H. ez a/. Therapeutic
benefits of angiogenetic gene-modified human mesenchymal stem cells after cerebral
ischemia. Exp. Neuro. 216, 47-55 (2009).

Ukai, R., Honmou, O., Harada, K., Houkin, K., Hamada, H. ez 2/ Mesenchymal
stem cells derived from peripheral blood protects against ischemia. /. Neurotrauma 24,
508-520 (2007).

Morita, T., Sasaki, M., Kataoka-Sasaki, Y., Nakazaki, M., Nagahama, H. ez al.
Intravenous infusion of mesenchymal stem cells promotes functional recovery in a
model of chronic spinal cord injury. Neurosci. 335, 221-231 (2016).

Osaka, M., Honmou, O., Murakami, T., Nonaka, T., Houkin, K. ez /. Intravenous
administration of mesenchymal stem cells derived from bone marrow after contusive
spinal cord injury improves functional outcome. Brain Res. 1343, 226-235 (2010).
Matsushita, T., Kibayashi, T., Katayama, T., Yamashita, Y., Suzuki, S. ef /. Mesenchymal
stem cells transmigrate across brain microvascular endothelial cell monolayers through
transiently formed inter-endothelial gaps. Newrosci. Lett. 8, 41-45 (2011).

Sasaki, M., Radtke, C., Tan, A. M., Zhao, P, Hamada, H. ez a/. BDNF-hypersecreting
human mesenchymal stem cells promote functional recovery, axonal sprouting,

and protection of corticospinal neurons after spinal cord injury. /. Neurosci. 29,
14932-14941 (2009).

Matsushita, T., Lankford, K. L., Arroyo, E. J., Sasaki, M., Neyazi, M. ¢t al. Diffuse and
persistent blood-spinal cord barrier disruption after contusive spinal cord injury rapidly
recovers following intravenous infusion of bone marrow mesenchymal stem cells. Exp.
Neurol. 267, 152-164 (2015).

Honmou, O., Houkin, K., Matsunaga, T., Niitsu, Y., Ishiai, S. ¢# a/. Intravenous
administration of auto-serum expanded autologous mesenchymal stem cells derived
from bone marrow into stroke patients. Brain 134, 17901807 (2011).

Honmou, O., Onodera, R., Sasaki, M., Waxman, S. G. & Kocsis, J. D. Mesenchymal
stem cells: therapeutic outlook for stroke. Trends Mol. Med. 18, 292-297 (2012).
Song, C. H., Honmou, O., Ohsawa, N., Nakamura, K., Hamada, H. ez a/. The effect
of transplantation of bone marrow-derived mesenchymal stem cells on mice infected

with prion. J. Virol. 83, 5918-5927 (2009).

advances.tri-kobe.org/en



Stem Cell Therapy 1 Osamu Honmou

36.

37.

38.

39.

40.

4

—_

42.

43.

44.

Kim, S., Honmou, O., Kato, K., Nonaka, T., Houkin, K. ez 2/. Neural differentiation
potential of peripheral blood- and bone marrow-derived precursor cells. Brain Res.
1123, 27-33 (20006).

Sakai, T., Sasaki, M., Kataoka-Sasaki, Y., Oka, S., Nakazaki, M. ez 2/ Functional
recovery after the systemic administration of mesenchymal stem cells in a rat model of
neonatal hypoxia-ischemia. /. Neurosurg. Pediatr. 22, 467-599 (2018).

Oshigiri, T., Sasaki, T., Sasaki, M., Kataoka-Sasaki, Y., Nakazaki, M. ez al.

Intravenous infusion of mesenchymal stem cells alters motor cortex gene expression
in a rat model of acute spinal cord injury. /. Neurotrauma https://doi.org/10.1089/
neu.2018.5793 (2018).

Zheng, W., Honmou, O., Harada, K., Suzuki, J., Liu, H. ¢z al. Therapeutic benefits
of human mesenchymal stem cells derived from bone marrow after global cerebral
ischemia. Brain Res. 1310, 8—16 (2009).

Fukumura, S., Sasaki, M., Kataoka-Sasaki, Y., Oka, S. & Nakazaki, M. et a/.
Intravenous infusion of mesenchymal stem cells reduces epileptogenesis in a rat model

of status epilepticus. Epilepsy Res. 141, 56-63 (2018).

. Inden, M., Takata, K., Nishimura, K., Kitamura, Y., Ashihara, E. ez 2/. Therapeutic

effects of human mesenchymal and hematopoietic stem cells on rotenone-treated
Parkinsonian mice. /. Neurosci. Res. 91, 62-72 (2013).

Nakamura, K., Ito, Y., Kawano, Y., Kurozumi, K., Kobune, M. et 2/. Anti-tumor effect
of genetically engineered mesenchymal stem cells in a rat glioma model. Gene Ther. 11,
1155-1164 (2004).

Matsuda, Y., Sasaki, M., Kataoka-Sasaki, Y., Takayanagi, A. & Kobayashi, K. ez al.
Intravenous infusion of bone marrow-derived mesenchymal stem cells reduces erectile
dysfunction following cavernous nerve injury in rats. Sex. Med. 6, 49-57 (2018).
Takayanagi, A., Sasaki, M., Kataoka-Sasaki, Y., Kobayashi, K., Matsuda, Y. et al.
Intravenous preload of mesenchymal stem cells rescues erectile function in a rat model
of cavernous nerve injury. /. Sex. Med. 12, 1713-1721 (2015).

advances.tri-kobe.org/en

The Principles of Regenerative Medicine 12



Stem Cell Therapy 2

Tissue regeneration
by Muse cells after _
acute myocardial infarction

Shinya Minatoguchi’?, Yoshihisa Yamada3, Shingo Minatoguchi?,
Toshiki Tanaka?, Atsushi Mikami’, Shohei Wakao*, Yoshihiro Kushida* and
Mari Dezawa*

'Department of Circulatory and Respiratory Advanced Medicine, Gifu University Graduate School of
Medicine, Gifu, Japan.

?Heart Failure Center, Gifu Municipal Hospital, Gifu, Japan.

3Department of Cardiology, Gifu University Graduate School of Medicine, Gifu, Japan.

‘Department of Stem Cell Biology and Histology, Tohoku University Graduate School of Medicine,
Sendai, Japan.

Multilineage-differentiating stress enduring (Muse) cells are promising for treating acute
myocardial infarction. Specifically, animal studies conducted by researchers associated
with the Translational Research Center for Medical Innovation (TRI) in Japan have shown
that they improve cardiac function and attenuate left ventricular remodelling after acute
myocardial infarction.

1. ACUTE MYOCARDIAL INFARCTION: CURRENT TREATMENT AND

THERAPEUTIC CHALLENGES

Acute myocardial infarction (AMI) is caused by a sudden occlusion of the coronary artery. The occlusion
blocks blood flow, which delivers oxygen and nutrients to the myocardial tissue, and hence causes necro-
sis of the tissue. AMI leads to heart failure because of reduced cardiac function and left ventricular (LV)
remodelling and is associated with high mortality!.

After complete occlusion of the coronary artery, necrosis commences in the ventricular wall in the re-
gion that has lost the blood supply by the occluded coronary artery. Necrosis then gradually extends from
the endocardium towards the epicardium. Because of this progression of necrosis, which is termed a wave-
front phenomenon?, early reperfusion after myocardial ischemia can confine myocardial necrosis to the
subendocardial region, resulting in a smaller infarct size and less impairment of cardiac function. How-
ever, failure to perform early reperfusion results in a transmural infarct that extends from the endocardi-
um to the epicardium. If the coronary artery involved is a large proximal blood vessel, massive myocardial
infarction occurs and seriously impairs cardiac function. In the subacute and chronic phases, the infarct-
ed LV wall undergoes remodelling, which thins the wall and increases the LV chamber diameter. This re-
modelling can lead to heart failure. Consequently, one of the major problems in treating AMI is that pa-
tients saved in the acute phase (about 1 week after onset) still have a risk of heart failure in the chronic
phase and may have a poor prognosis.

The current first-line and most effective therapy for AMI is reperfusion of the occluded coronary ar-
tery, implemented as early as possible after AMI onset to save residual viable cardiomyocytes and min-
imize damage to the myocardium. The therapy involves diagnosing as soon as possible after AMI and
transporting the patient to a catheterization laboratory, where the occluded coronary artery is revascular-
ized by percutancous coronary intervention (PCI) to restore blood flow to myocardial tissue. Patients who
received reperfusion within 60 minutes from AMI onset had a good prognosis, whereas prognosis was sig-
nificantly poorer if reperfusion was delayed for longer than 120 minutes3. Reperfusion by PCI within 90
minutes of onset is considered the gold standard, but AMI patients commonly fail to receive therapy with-
in 90 minutes, if they receive it at all*. Reperfusion may also fail. Therefore, AMI treatment with reperfu-
sion by PCI alone is not enough to improve prognosis.

The process of LV remodelling during the transition from the subacute to the chronic phase is com-
plex and closely related to the healing process, including hypertrophy of residual cardiomyocytes and re-
construction of the LV by non-cardiomyocytes such as stromal cells*®. The extent to which cardiac func-
tion recovers after AMI depends on the effect of remodelling on the healing process of the AMI lesion.
If pluripotent stem cells that can differentiate into cardiomyocytes could be efficiently engrafted into the
infarcted area and replace dead cardiomyocytes during the healing process, cardiac function impairment
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SUMMARY
Multilineage-differentiating
stress enduring (Muse)

cells are non-tumorigenic
pluripotent stem cells that
exist naturally in the human
body. A clinical study in 79
acute myocardial infarction
(AMI) patients showed
that Muse cells increased
during the acute phase of
AMI. Also, patients with
high Muse cell numbers

in the acute phase showed
improved cardiac function
and attenuation of left
ventricular remodelling

6 months after AMI,
suggesting that an increased
number of Muse cells in the
peripheral blood is associated
with improved cardiac
function and attenuated
left ventricular remodelling.
After intravenously injecting
Muse cells derived from

the bone marrow into the
rabbit AMI model upon
the onset of infarction,
Muse cells homed in on

the infarct region and

then differentiated into
cardiomyocytes and blood
vessels. Muse cells were
shown to have a paracrine
effect, which is associated
with reduced infarct size,
improved cardiac function,
and attenuated ventricular
remodelling. These results
confirmed the safety and
efficacy of Muse cells.
Clinical trials of AMI
treatment using Muse cells
are ongoing.
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Figure 1. A, Changes in Muse cell numbers with time in the peripheral blood of AMI patients. B, Muse cell numbers in the peripheral blood of AMI patients, CAD patients and subjects
with normal coronary arteries (control). C, Relationship between the increase in the number of Muse cells [AMuse) in the acute phase and cardiac function improvement in the chronic
phase measured as the change in ejection fraction (AEF). D, Relationship between AMuse in the acute phase and ALVDd in the chronic phase.

*p <0.05;** p<0.01; LVDd, left ventricular end-diastolic dimension
Reproduced from Ref. 16.

and LV remodelling, as well as heart failure in the chronic phase, could be
prevented and the patient’s prognosis improved. Autologous stem cells de-
rived from the bone marrow (BM) have been used, and various regenera-
tive effects have been reported”®. Clinical application of autologous cells
should be straightforward since there are no ethical concerns with their
use. Many clinical studies of tissue repair and regeneration therapy after
AMI have been conducted worldwide using BM nucleated cells and BM-
derived mesenchymal stem cells (MSCs)”®. In placebo-controlled stud-
ies, the therapy showed no or minimal improvement in cardiac function
in the chronic phase”®. These limitations of postinfarct regenerative ther-
apy using BM nucleated cells or BM-derived MSCs as a cell source have
prompted a search for an alternative cell source that readily differenti-
ates into cardiomyocytes and has a potent repair and regenerative ability.
In 2010, Dezawa et al. discovered multilineage-differentiating stress
enduring (Muse) cells®. Muse cells are selected as cells positive for stage-
specific embryonic antigen-3 (SSEA-3), a cell surface marker for plurip-
otent stem cells*'2. Muse cells also express pluripotency markers such as
Sox2, Oct3/4 and Nanog, and they can differentiate into cells of all three
germ layers (ectodermal, mesodermal and endodermal lineage cells) from
a single cell®. Moreover, Muse cells reside naturally in the human body
and are located in the BM?, skin'’, adipose tissue'*'®, connective tissue
of various organs'* and peripheral blood!>!°. Because Muse cells are plu-
ripotent stem cells and the therapy does not require gene transfer, they
should be safe and clinical application should be straightforward. Reports
have shown that about 1 million Muse cells can be collected from approx-

advances.tri-kobe.org/en

imately 30 mL of fresh human BM aspirates cultured for 3 days'*". This
ease of culture suggests that therapy using Muse cells are considered feasi-
ble for clinical application.

2. MUSE CELL NUMBERS IN THE BLOOD OF ACUTE-PHASE
AMI PATIENTS AFFECT CARDIAC FUNCTION AND LV
REMODELLING IN THE CHRONIC PHASE
The existence of Muse cells in the peripheral blood has previously been
documented for ischemic stroke patients’, but the kinetics of Muse cells
in the peripheral blood of AMI patients during the acute phase had not
been characterized. We thus investigated changes in the number of Muse
cells in the blood during the acute phase in 79 AMI patients admitted to
Gifu University Hospital (AMI group). We also investigated the effect of
the change in Muse cell numbers on cardiac function and LV remodelling
6 months after the onset of AMI. The results were compared with two fur-
ther groups: a coronary artery disease (CAD) group (n = 44) consisting of
patients with 275% coronary artery stenosis on coronary angiography and
a control group (7 = 64) consisting of patients with <75% coronary artery
stenosis. Muse cell numbers (cells/100 pL) in the peripheral blood were
determined as SSEA3*/CD105* double-positive cells by fluorescence-acti-
vated cell sorting'®. Muse cell numbers in the blood were measured on the
day of admission (day 0) and at 1, 7, 14 and 21 days after AML

We obtained the following results'®. No significant difference was de-
tected in Muse cell numbers between the AMI group and the control
group on the day of admission. Muse cell numbers in the AMI group
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Figure 2. A, Effects of autograft Muse cells, non-Muse cells and MSCs on infarct size (2 weeks after AMI). B, Effects of autograft Muse cells, non-Muse cells, and MSCs on infarct size

(2 months after AMI).

*p<0.05;** p<0.01; **p < 0.001; AMI, acute myocardial infarction; MSC, mesenchymal stem cell

Reproduced from Ref. 19.

peaked 24 hours after AMI onset and were significantly higher than on
the day of admission. This significant increase was maintained at 7 days.
After 14 days, the Muse cell numbers had decreased significantly, and by
21 days they had returned to baseline (Fig. 1A). Muse cell numbers in
the blood in the CAD and control groups were not significantly differ-
ent (Fig. 1B).

These results demonstrate that Muse cell numbers in the peripheral
blood do not increase in CAD patients with significant coronary artery
stenosis, but are mobilized into blood only when AMI occurs, causing
necrosis of myocardial tissue. MAX Muse was defined as the maximum
number of Muse cells measured within 21 days of admission due to AMI
(up to 21 days), and AMuse was defined as the difference in Muse cell
numbers between MAX Muse and the minimum number. Both the peak
creatine kinase (PCK) level after AMI onset and Y CK, the sum of creatine
kinase levels, are considered measures of myocardial infarct size'®. A high
AMuse in patients with a high PCK or > CK was associated with a large
infarct size; that is, the more damaged the myocardium was, the more
Muse cells were mobilized. We also measured plasma sphingosine-1-phos-
phate (SIP) levels by liquid chromatography—tandem mass spectrometry.
Plasma S1P levels in the AMI group were significantly higher than in the
control group, whereas plasma S1P levels in the CAD and control groups
were not significantly different. Plasma S1P levels and MAX Muse showed
a significant positive correlation (r = 0.330)°. These results suggest that
S1P might be involved in mobilizing Muse cells in the blood'.

We then investigated the effect of the number of Muse cells mobilized
in the acute phase on cardiac function and LV remodelling in the chron-
ic phase (at 6 months). The results were as follows. AMuse (maximum —
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minimum Muse cell number) was significantly higher in patients with
improved cardiac function, as measured by ejection fraction (EF), in the
chronic phase (at 6 months) than in patients without an improvement
in EF (Fig. 1C); AMuse was also significantly higher in patients with de-
creased LV end-diastolic dimension (LVDd) (that is, attenuated LV re-
modelling) than in patients with increased LVDd (that is, accelerated LV
remodelling) in the chronic phase (Fig. 1D). These results demonstrate
that cardiac function is improved and LV remodelling is attenuated in the
chronic phase if large numbers of Muse cells are mobilized into the pe-
ripheral blood during the acute phase of AMI'®. Administering exogenous
Muse cells in the acute phase is thus expected to improve cardiac function
and attenuate LV remodelling in the chronic phase.

3. TISSUE REPAIR/REGENERATION THERAPY FOR
INFARCTED MYOCARDIUM USING MUSE CELLS
3.1 Effect on infarct size, cardiac function, and LV remodelling
We conducted an iz vitro study to investigate the differentiation of Muse
cells into cardiomyocytes by culturing rabbit BM-derived Muse cells and
human BM-derived Muse cells. Muse cells differentiated into cardiomyo-
cyte-like cells that expressed cardiac troponin I and sarcomeric a-actinin®.
To develop a tissue repair and regeneration therapy for human MI using
Muse cells and to demonstrate the efficacy and safety of the therapy in
vivo, we developed a rabbit AMI model by occluding the coronary artery
of Japanese white rabbits for 30 minutes and reperfusing it (ischemia re-
perfusion model)®.

The current first-line therapy for AMI is revascularization of the oc-
cluded coronary artery by PCI using a cardiac catheter. Therapy using au-
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Figure 3. A, Nano-lantern-labelled Muse cells accumulated in the infarct area, but non-Muse cells did not (2 weeks after AMI). B, Nano-lantern-labelled Muse cells detected in the
infarct area did not accumulate when co-injected with JTE-013, an antagonist selective for STPR2 (2 weeks after AMI). C, Numbers of Muse cells engrafted in the infarct area with and
without JTE-013 estimated from immunohistochemical analysis 3 days after AMI. D, S1P levels in the infarct area and the border area of infarcted and normal myocardial tissue.

S1P, sphingosine-1-phosphate; S1TPR2, sphingosine-1-phosphate receptor 2
*p<0.05;**p<0.01;**p<0.001; Reproduced from Ref. 19.

tograft Muse cells would be worth developing if it were found to be more
effective in improving cardiac function and attenuating LV remodelling
than stem-cell therapies primarily involving autograft MSCs, which have
been used in clinical studies to date.

The effects of 3 x 105 autograft Muse cells intravenously infused into
rabbit 24 hours after AMI onset (the Muse group) were compared with
an equal number of autograft MSCs (the MSC group). As MSCs include
several percent of Muse cells, the effects of MSCs that do not include
Muse cells (the non-Muse group) were also studied. The parameters stud-
ied were the myocardial infarct size and those that indicate LV function:
LV ejection fraction (EF%), LV fractional shortening (FS%), LV systol-
ic function (+dP/d#) and LV diastolic function (-dP/d#); and those that
indicate LV remodelling: LVDs and LVDd. These parameters were com-
pared 2 weeks and 2 months after AMI in the Muse, non-Muse and MSC
groups, as well as in a control group, which was injected with vehicle only.
The results showed that the MSCs moderately reduced infarct size at both
2 weeks and 2 months compared with the control group, but that there
was a marked reduction in infarct size in the Muse group, approximately
two times greater than in the MSC group (Fig. 2A and 2B). The attenuat-
ing effect on LV remodelling and the effect on cardiac function improve-
ment were also significantly greater in the Muse group than in the MSC
group at 2 weeks and 2 months. The greater improvement achieved using
Muse cells compared with conventional stem cells (MSCs) indicates that
development of tissue repair/regeneration therapy using Muse cells for
AMI would be clinically very significant.

As we anticipated, AMI treatment using Muse cells could potential-
ly be more effective than conventional therapies. However, some prob-
lems arise when autograft Muse cells are used in clinical practice. Collect-
ing BM aspirates from patients immediately after AMI onset in the acute
phase is an invasive procedure. At least 7 days is required to isolate Muse
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cells from BM aspirates and culture a sufficient number of Muse cells for
tissue repair and regeneration. It is thus more realistic in clinical practice
to use allograft Muse cells, which can be administered within the opti-
mal time window, instead of autograft Muse cells. When 3 x 105 allograft
Muse cells derived from rabbit BM cells were intravenously infused into
rabbits 24 hours after AMI onset, the reduction in infarct size at 2 weeks
was comparable to that seen with autograft Muse cells”. The effect of al-
lograft Muse cells persisted for a long time — the effects of allograft Muse
cells in reducing infarct size, improving LV function and attenuating LV
remodelling were sustained for 6 months after AMI".

3.2 Mechanism of engraftment of Muse cells into the infarct region

One remarkable characteristic of Muse cells intravenously injected after
AMI was preferential engraftment into the infarct area. Engraftment in the
MI site was investigated using Muse and non-Muse cells labelled with the
luminescent Nano-lantern protein. Muse cells were engrafted into the in-
farct region but non-Muse cells were not (Fig. 3A). Co-injection of Muse
cells with JTE-013, an antagonist selective for sphingosine-1-phosphate re-
ceptor 2 (S1PR2), significantly blocked the engraftment of Muse cells onto
the infarct region (Fig. 3B). Histological analyses of Muse cell engraftment
3 days after AMI also showed that Muse cells were engrafted into the in-
farct area, and that this engraftment was substantially inhibited by co-injec-
tion with JTE-013 (Fig. 3C). The engraftment rate of Muse cells was 14.5%
at 3 days'. Given that the engraftment rates usually reported for MSCs are
0-3%2*%', the rate for Muse cells is high. The S1P levels were significant-
ly higher in the infarct area and the infarct border area than in the corre-
sponding areas in normal myocardial tissue (Fig. 3D). This result is due to
the preferential engraftment of intravenously injected Muse cells into the
border area and the infarct area. An i vitro assay using a Boyden cham-
ber to quantify Muse cell migration showed that the number of migrated
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infarct myocardial region expressed cardiac markers ANP, troponin | and a-actinin (2 months after AMI). AMI, acute myocardial infarction; ANP, atrial natriuretic peptide; GFP, green

fluorescent protein
Reproduced from Ref. 19.

Muse cells increased significantly and in a dose-dependent manner in re-
sponse to the SIPR2 agonist SID46371153. A marked level of migration of
Muse cells towards affected cardiac tissue was observed, but this migration
was blocked in a dose-dependent manner by JTE-013. SIPR2 is expressed
on the surface of Muse cells. Silencing SIPR2 on Muse cells using siRNA
significantly inhibited migration of Muse cells towards the SIPR2 agonist
SID46371153 or AMI cardiac tissue”. These iz vivo and in vitro data indi-
cate that the SIP-S1PR2 axis is involved in the mechanisms of migration
and engraftment of Muse cells into AMI cardiac tissue.

3.3 Differentiation of Muse cells into cardiomyocytes

Thin sections of affected cardiac tissue were stained 2 weeks after AMI
to investigate the expression of cardiac markers atrial natriuretic peptide
(ANP), troponin I, sarcomeric a-actinin and gap-junction marker con-
nexin-43 in engrafted Muse cells. Confocal microscopy showed that green
fluorescent protein (GFP) used to label Muse cells merged with AND, tro-
ponin I and sarcomeric a-actinin around the border area. Expression of
cardiac markers on Muse cells confirmed differentiation of these cells into
cardiomyocytes (Fig. 4A, 4B and 4C). Moreover, the expression of con-
nexin 43 between the Muse cells that had differentiated into cardiomyo-
cytes and the host cardiomyocytes suggested potential intercellular prop-
agation of excitation and signalling between these cells via gap junctions
(Fig. 4D). Two months after AMI, GFP-labelled Muse cells expressed low-
er levels of ANP and higher levels of troponin I and sarcomeric a-actinin
(Fig. 4E, 4F, 4G and 4H). Sarcomeric a-actinin-positive cells showed
clear striations characteristic of mature cardiomyocytes (Fig. 4H). GFP-
labelled allograft Muse cells also expressed ANP, troponin I and actinin at
2 weeks and still expressed troponin T and actinin at 6 months". These re-
sults indicate that cardiomyocytes that had differentiated from allograft
Muse cells remained in the heart for at least 6 months®.
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We then investigated whether cardiomyocytes that had differentiat-
ed from Muse cells were playing a functional role as working myocardi-
um in the beating heart. GCaMP3-labelled human Muse cells were trans-
planted into AMI cardiac tissue in the rabbit AMI model. GCaMP is a
calcium sensor protein obtained by genetically engineered fusion of en-
hanced GFP (EGFP), calmodulin (CaM) and myosin light chain frag-
ment (M13). When a calcium ion binds to calmodulin, an interaction be-
tween the Ca?*/CaM complex and M13 induces a conformational change
in EGFP (fluorophore), which changes the fluorescence intensity. This
change in GCaMP fluorescence intensity can be used to detect changes in
the calcium concentration. Two weeks after infarction, thoracotomy was
performed to observe the postinfarct heart with an epifluorescence stereo-
microscope (Nikon, SMZ745T) equipped with an EXFO X-Cite” illumi-
nation source. A time-intensity curve showed that a green signal synchro-
nous with ECG recordings was intensified during systole and became less
intense during diastole. This signal represented the changes in intracel-
lular Ca®* concentration in cardiomyocytes that had differentiated from
Muse cells, demonstrating that differentiated cardiomyocytes were func-
tioning as working myocardium.

3.4 Differentiation of Muse cells into blood vessels and paracrine effect
Two weeks after AMI, GFP-labelled Muse cells expressed vascular endo-
thelial marker CD31 and vascular smooth muscle cell marker a-smooth
muscle actin, and they formed blood vessels. The Muse group had sig-
nificantly more capillaries in the border area than the control, non-
Muse and MSC groups (Fig. 5A and 5B). Muse cells have a paracrine
effect that is also observed in MSCs. Vascular endothelial growth fac-
tor (VEGEF), hepatocyte growth factor (HGF), matrix metalloprotein-
ase (MMP)-2 and MMP-9 were detected in the culture supernatant of
Muse cells”. After intravenous injection of Muse cells, VEGE HGE
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Figure 5. A, Numbers of CD31-positive blood vessels in the infarct border area 2 weeks after AMI (comparison of vehicle control, Muse, non-Muse and MSC groups). B, GFP-labelled
Muse cells expressed vascular endothelial marker CD31 and vascular smooth muscle marker a-smooth muscle actin (2 weeks after AMI). C, Western blot showing the expression of
HGF, VEGF, MMP-2 and MMP-9 in the infarct border area 3 days after AMI [vehicle control, Muse, non-Muse and MSC groups). D, Comparison of TUNEL-positive cardiomyocytes in the
infarct border area (vehicle and Muse groups). E, Comparison of areas of the Sirius Red-positive region in the infarct regions (vehicle and Muse groups).
*p<0.05;**p<0.01;**p<0.001; aSMA, a-smooth muscle actin; AMI, acute myocardial infarction; GFP, green fluorescent protein; HGF, hepatocyte growth factor; MMP, matrix
metalloproteinase; MSC, mesenchymal stem cell; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labelling; VEGF, vascular endothelial growth factor

Reproduced from Ref. 19.

MMP-2 and MMP-9 were expressed in the infarct border area, as was
observed with MSCs. The level of VEGF expression was particularly
high compared with MSCs and non-Muse (Fig. 5C). VEGF and HGF
are angiogenic factors**?’, and HGF exhibits an anti-apoptotic effect.
MMP-2 and MMP-9 have antifibrotic or fibrolytic effects*’. Adminis-
tration of Muse cells reduced the number of terminal deoxynucleotidyl
transferase dUTP nick-end labelling (TUNEL)-positive cells in the in-
farct border area, indicating that Muse cells have an anti-apoptotic ef-
fect (Fig. 5D). The area of the Sirius Red-positive region in the infarct
area was also reduced (Fig. 5E). These results indicate that Muse cells are
very likely associated with the increased number of capillaries in the bor-
der area, the reduced area of the fibrotic scar region in the infarct area,
and the reduced infarct size.

3.5 Immunomodulatory effect of Muse cells

Because Muse cells do not express human leukocyte antigen (HLA)-
DR (HLA class IT) on the cell surface, they are not attacked by T cells™.
Furthermore, because Muse cells express HLA-G, a protein that is pres-
ent in the placenta to prevent the fetus from being attacked", they ex-
ert immunomodulatory effects and are not attacked by the host receiv-
ing Muse cells. These characteristics may partially explain why Muse
cells are not eliminated and persist in the infarct area for a long time
after engraftment.

3.6 Significance of the persistence of Muse cells in the infarct area

When the rabbit AMI model was co-injected with the selective SIPR2 an-
tagonist JTE-013 and allograft Muse cells, the therapeutic effects of these
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cells in terms of reducing infarct size and improving cardiac function at
2 weeks were reduced (Fig. 6). When the suicide gene herpes simplex vi-
rus thymidine kinase (HSV-#£) was introduced into human Muse cells
and these cells were then injected intravenously into AMI rabbits, the hu-
man Muse cells were destroyed after engraftment and their effects in terms
of reducing infarct size and improving cardiac function (EF) were large-
ly abolished".

Human Muse cells were transplanted after silencing the gene cod-
ing for GATA4, a transcription factor expressed during the generation
of cardiomyocytes, using siRNA. Reduction in infarct size and EF im-
provement were significantly attenuated 2 weeks after AMI. Histological
analysis showed no differentiation of GFP-labelled Muse cells into cardio-
myocytes. The observed attenuation of the effects of the human Muse cells
can thus be attributed to blockage of differentiation of the Muse cells into
cardiomyocytes by GATA4 silencing®.

These findings indicate that Muse cells are involved in reducing infarct
size and improving cardiac function by persisting in the infarct area, dif-
ferentiating into cardiomyocytes, regenerating blood vessels, and exhibit-
ing paracrine effects such as anti-apoptotic and antifibrotic effects.
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Stem-cell therapy: Cell-based
neovascularization therapy
for peripheral arterial disease
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cal Innovation, Foundation for Biomedical Research and Innovation at Kobe, Japan

A neovascularization therapy developed by Translational Research Center for Medical
Innovation (TRI) researchers in Japan and based on stem cells is showing great promise
for treating chronic critical limb ischemia, offering hope to patients who are out of options.

1. INTRODUCTION

1.1 Pathology, epidemiology and treatment of chronic critical limb ischemia

A circulation disorder caused by the narrowing or occlusion of arteries in the limbs, peripheral arterial
disease (PAD) is estimated to affect more than 200 million people globally!, ranging from asymptomat-
ic to severe. The most common underlying disease is arteriosclerosis obliterans (ASO) caused mainly by
atherosclerosis; other underlying diseases include thromboangiitis obliterans (also known as Buerger’s dis-
ease), vasculitis and autoimmune diseases.

Chronic critical limb ischemia (CLI) is defined as advanced PAD for which sufferers experience pain
at rest and have ulcers or gangrene on their lower limbs (Fontaine classification stage III or more severe,
or Rutherford classification category 4 or more severe) that persist for two weeks or longer. The end stage
of PAD, CLI (also called chronic limb-threatening ischemia recently) generally has a very poor progno-
sis, being comparable with those of some advanced malignancies. It has a mortality rate of 25%, a sur-
vival rate of 30% after major amputation, and a CLI persistence rate of 20% at 1 year. Furthermore, CLI
patients have a 5-year survival rate of 40—50%?2. The annual incidence of CLI is 500-1,000 per million
in Europe and the United States. An estimated 250,000 amputations of lower limbs are performed an-
nually because of CLI'. The global number of patients with PAD has increased by 23.5% between 2000
and 20102, and there is concern that the number of patients may increase rapidly in the future. Ampu-
tation of lower limbs not only seriously deteriorates the patient’s quality of life but also causes major so-
cial and economic loss.

The currently recommended therapeutic interventions for CLI include pain control, risk factor man-
agement, treatment of ulcers or gangrene, and, for suitable patients, revascularization by bypass surgery
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Figure 1. Lower limb neovascularization therapy using G-CSF-mobilized CD34" cells in CLI patients: path from nonclinical
studies to clinical development. CLI, critical limb ischemia; EPC, endothelial progenitor cell; G-CSF, granulocyte colony
stimulating factor
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or endovascular repair3. However, revascularization is unsuitable for ap-
proximately 25% to 40% of CLI patients because they lack the vein grafts
needed for bypass surgery or have multiple extensive artery lesions or co-
morbidities"*’. The primary goal of CLI treatment is to save the patient’s
life and limbs. Given that patients who are not suitable for revasculariza-
tion or have refractory conditions have a very poor prognosis, it is social-
ly and medically imperative to develop a treatment strategy for such ‘no-
option” CLI patients.

1.2 Neovascularization therapy using CD34" cells for CLI patients
Basic and clinical research into endothelial progenitor cells (EPCs) took
off after 1997, when Asahara and co-workers demonstrated that they are
a subset (the CD34" fraction) of human peripheral blood mononuclear
cells (PBMCs)¢. Neovascularization therapy involving the transplantation
of EPC:s has attracted attention as a novel therapy for ischemic diseases.
Clinical studies of neovascularization therapy using autologous bone mar-
row—derived CD34" cells are being performed globally for diseases such as
angina pectoris, acute myocardial infarction, dilated cardiomyopathy, ce-
rebral infarction and CLI.

In 2003, we initiated a world-first phase I/IIa clinical study of lower-
limb neovascularization therapy using granulocyte colony stimulating fac-
tor (G-CSF)-mobilized autologous CD34" cells in CLI patients and dem-
onstrated safety and clinical efficacy’. Beginning in 2008, we conducted
an investigator-initiated study of a CD34" cell sorter in compliance with
good clinical practice and again demonstrated efficacy and safety®. A mul-
ticentre, randomized comparative study (sponsor initiated) was started in
December 2017 with the aim of obtaining regulatory approval for CD34"
cells as a regenerative medicine product (Fig. 1). This chapter overviews
the background to these studies as well as the prospects for CD34" cells as
a regenerative medicine product.

2. NONCLINICAL STUDIES

2.1 Characteristics and kinetics of EPCs

Angiogenesis, which involves the proliferation and migration of pre-exist-
ing mature vascular endothelial cells, was originally proposed as the vas-
cularization mechanism in adults. However, the identification of EPCs in
adults as a subset (CD34" cells) of PBMCs by Asahara and co-workers in
19976 led to the new concept of vasculogenesis, which differs from angio-
genesis in that it involves progenitor cells rather than mature endothelial
cells. Neovascularization in adults is now thought to occur through inter-
actions between angiogenesis and vasculogcnesis.

EPCs exist within the peripheral blood as mononuclear cells expressing
the hematopoietic stem cell surface antigen (CD34) and the early hema-
topoietic stem cell surface antigen (CD133)?. When isolated and cultured
in an endothelial cell growth medium at an appropriate density, these
cells differentiate into spindle-shaped adherent cells that express CD34,
CD31, vascular endothelial growth factor (VEGF) receptor 2 (also known
as kinase insert domain receptor), Tie-2 and E-selectin. Also, their uptake
of acetylated low-density lipoprotein has been confirmed®®.

Basic research using mouse or other animal models of bone-marrow
transplantation has shown that EPCs are abundant in the bone marrow
in adults. EPCs are forcefully mobilized from the bone marrow to the
peripheral blood in conditions such as ischemia, inflammation, wounds,
and tumorigenesis, or following the administration of cytokines such as
G-CSF and granulocyte and macrophage colony stimulating factor, and
hormones such as estrogen. They reach the neovascularization site by cir-
culating blood, where they contribute to the formation of new blood ves-
sels'™12, These findings have been useful for establishing a method for col-
lecting and isolating EPC:s for neovascularization therapy (Fig. 2).

2.2 Nonclinical studies on EPC transplantation

Kalka and co-workers obtained EPCs by culturing PBMCs from healthy
subjects, and they transplanted them into the nude mouse model of hind-
limb ischemia. When EPCs were intravenously injected after two days
of hind-limb ischemia, accumulation of transplanted cells at the isch-
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Figure 2. Kinetics of EPCs. EC, endothelial cell; EPC, endothelial progenitor cell;
G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte macrophage colony
stimulating factor; MMP-9, matrix metalloproteinase-9; PIGF, placental growth factor;
SDF, stromal cell-derived factor; sKit L, soluble kit ligand; VEGF, vascular endothelial
growth factor

emia site was histologically confirmed, indicating that they contributed
to neovascularization in collaboration with mouse-derived vascular endo-
thelial cells. Transplantation significantly improved the capillary density
(observed histologically) and blood perfusion in the ischemic limbs (as
measured by laser Doppler flowmetry). As a result, the limb salvage rate
from necrosis due to severe ischemia was 59% in the EPC transplanta-
tion group, compared with only 7-8% in the control group'. Murohara
and co-workers reported similar positive results after they collected EPCs
from human umbilical cord blood and cultured and transplanted them
into nude rats with hind-limb ischemia'®. Losordo and co-workers also
obtained favourable results after they collected and isolated CD34" cells
from the peripheral blood of healthy subjects who had received a subcu-
taneous injection of G-CSF and transplanted them into nude rats with

hind-limb ischemia (unpublished data).

Nonclinical studies have also shown that EPC transplantation ther-

apy is effective for treating other diseases such as myocardial infarc-
tion
oretically support not only EPC transplantation but also transplantation
of bone-marrow mononuclear cells (BMMCs, a cell group that includes
hematopoietic and mesenchymal cells as well as EPCs). EPCs trans-
planted into the animal model of ischemia were directly integrated into
new blood vessels in the ischemic tissue by vasculogenesis to form the
vascular endothelium. The transplanted EPCs were found to produce
various cytokines and vascular growth factors involved in angiogenesis,
such as VEGE hepatic growth factor, angiopoietin-1, stromal-cell-de-
rived factor-1 alpha, insulin-like growth factor-1 and endothelial nitric

1516 cerebral infarction!” and refractory fracture's. These results the-
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* P <0.05; **, P <0.01 (compared with pre-transplant); CLI, critical limb ischemia.

oxide synthase'”?!, promoting the proliferation of the existing vascu-
lar endothelium and cellular migration (the paracrine effect). Moreover,
EPCs have been shown to release not only angiogenesis-related proteins
but also RNAs and exosomes containing microRNA, which contribute
to the paracrine effect via gene-control mechanisms (Fig. 2)*%.

While transplantation can be performed using EPCs (CD34" cells)
isolated from BMMCs or PBMCs and purified, many methods for
transplanting mononuclear cells (BMMC or PBMC transplantation)
without isolating and purifying EPCs have been attempted in nonclin-
ical studies. However, several studies have highlighted the risks associ-
ated with transplanting mixed cell groups, including ossification by os-
teoblasts, chondrification by chondroblasts and fibrosis by fibroblasts.
The nonclinical study by Yoon and co-workers also showed that myocar-
dial calcification occurred with high frequency when whole bone mar-
row cells were transplanted intramyocardially into the rat model of acute
myocardial ischemia®. We have also demonstrated that intramyocardi-
al transplant of high-dose PBMCs into the rat model of acute myocardi-
al ischemia led to intramyocardial hemorrhage with infiltration of many
inflammatory cells and a reduced improvement in neovascularization
and cardiac function. In contrast, transplantation of purified CD34"
cells alone was associated with an absence of adverse reactions, high lev-
els of neovascularization and sustained recovery of cardiac function'.
The in vitro EPC colony-forming assay developed by Masuda and co-
workers showed that EPC colonies are formed from CD34" cells at a
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high frequency, whereas colonies could not be obtained from CD34"
mononuclear cells even when using 100 times more cells, demonstrating
a marked difference in vascularization potential between the EPC and
non-EPC fractions®. These fundamental research and nonclinical stud-
ies suggest that transplantation of purified EPCs is superior to BMMC
or PBMC transplantation in terms of low invasiveness, therapeutic ef-
fect and safety.

3. CLINICAL STUDIES

3.1 Physiological significance of EPCs

Reports have shown that patients with diabetes mellitus and patients with
many risk factors for arteriosclerosis have fewer EPCs circulating in their
peripheral blood than healthy individuals and that EPCs in these patients
have lower proliferative and migratory capacities’®?. Arteriosclerosis pa-
tients with fewer EPCs in circulation have many risk factors for poor car-
diovascular prognosis and reduced vascular endothelial function?. Thus,
EPCs have been shown to be one of the important intrinsic factors that
determine the prognosis of patients with arteriosclerosis.

3.2 Phase I/11a clinical study of neovascularization therapy for

CLI patients

Based on the results from the nonclinical studies, we conducted a mul-
ticentre, single-blinded, dose-escalation phase I/1Ia clinical trial of intra-
muscular transplantation of G-CSF-mobilized CD34" cells in CLI pa-
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Figure 6. Changes with time in measures of signs and symptoms up to 52 weeks after transplantation of CD34" cells into CLI patients: results from the exploratory investigator-

initiated study.

SPP, skin perfusion pressure; TBI, toe brachial pressure index; T.PO,, transcutaneous oxygen partial pressure

tients, which started in 20037. The study enrolled 17 CLI patients (five
with ASO, including one on hemodialysis, and 12 with Buerger’s dis-
ease). Mononuclear cells mobilized from the bone marrow to the pe-
ripheral blood by five days of G-CSF treatment were collected by leu-
kapheresis with high efficiency, and CD34" cells were further isolated
using a magnetic-activated cell sorter (CliniMACS®) (Figs. 3 and 4).
The isolated CD34" cells, which had a mean purity of 92% and a mean
cell viability of 87%, were transplanted to the ischemic lower limbs in-
tramuscularly under lumbar spinal anesthesia (Fig. 4). No death or ma-
jor amputation of lower limbs was reported for any patient in the year
following treatment, and all patients maintained independent walking
function. Healing of ulcers or necrosis, relief of ischemic pain and im-
provement over time in physiological measures (for example, toe brachi-
al pressure index (TBI), transcutaneous oxygen partial pressure (TcPO,)
were observed, and 88% of patients were free of CLI one year after treat-
ment”. Long-term follow up over the four years following treatment re-
vealed no deaths in the first two years. Four patients died of cardiac dis-
eases after the first two years, but a relationship with the cell therapy was
ruled out. No major amputation of lower limbs was reported. The pro-
portion of patients free of CLI remained at over 80% (Fig. 5). Signif-
icant improvements were noted in TBI at four years and in TcPO, at
three years compared with pre-treatment data®.

In the United States, Losordo and co-workers initiated a multicentre,
randomized, double-blind, placebo-controlled study (study ACT34-
CLI) in 2007, using transplantation of G-CSF-mobilized CD34" cells
in 28 patients with CLI caused by ASO. The incidence of minor and
major amputations of lower limbs tended to be lower in the CD34" cell
transplantation group than in the placebo group at 6 months (P = 0.125)
and 12 months (P = 0.054) after treatment. No adverse events related
to the cell therapy were reported during the one-year follow-up period.

3.3 Investigator-initiated study of CD34" cell sorter

Following the early clinical studies described above, we sought regula-
tory approval of the CD34" cell sorter Isolex®. We began an investiga-
tor-initiated study in 2008 in 11 CLI patients (seven with Buerger’s dis-
ease and four with ASO who were not on dialysis), in compliance with
good clinical practice for medical devices, and completed it in March
2012. This exploratory phase II study was the first investigator-initiated
regenerative medicine study in Japan and is still the only Japanese clin-
ical study of lower-limb neovascularization therapy by cell transplan-
tation in which data reliability was assured in accordance with good
clinical practice. This investigator-initiated study showed favourable
safety and efficacy, as had been previously demonstrated in the phase
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I/Ila study described above. Measures of signs and symptoms, as well
as quality-of-life indices, clinical severity, pain at rest, blood flow im-
provement indices, and walk test results, were evaluated frequently. Pain
at rest improved soon after transplantation of CD34" cells. Physiologi-
cal improvement was confirmed, and improvement in Rutherford clas-
sification, the clinical severity index, was demonstrated at approximate-

ly 6 months (Fig. 6)3.

3.4 Sponsor-initiated study aiming for regulatory approval of CD34"
cells as a regenerative-medicine product

Based on the positive results from the phase I/1Ia clinical study and the
exploratory investigator-initiated study of the medical device, we cur-
rently aim to establish a neovascularization therapy of lower limbs us-
ing G-CSF-mobilized autologous CD34" cells as the novel standard of
care. When we initiated the exploratory investigator-initiated study in
2008, the company that was intending to file an approval application
was trying to develop a CD34" cell sorter and to file an application for a
medical device, but following the completion of our study, the compa-
ny decided to develop CD34" cells instead and file an application for a
therapeutic cell product.

If a CD34" cell sorter were developed, it would be installed at each
medical institution, and each step — G-CSF administration, apheresis,
isolation of CD34" cells, and cell transplantation — would be completed
within the medical institution as a self-contained manufacturing
process (Fig. 7). On the other hand, if a therapeutic cell product were
developed, G-CSF administration and apheresis would be implemented
at each medical institution, and the apheresis product would then
be transported to an external cell-processing centre. The CD34" would
be isolated at the cell-processing centre and transported to each medical
institution, where transplantation (treatment) would be performed
(Fig. 7). Developing a therapeutic cell product has the advantages of
casy and wide dissemination (because it is not necessary for every medical
institution to install the cell sorter or employ technicians experienced
in cell sorting) and a stable supply of high-quality products (because
cell products are manufactured by experienced technicians under a
more-controlled environment at a cell-processing centre than at general
medical institutions). Disadvantages include a high manufacturing cost.

After the company developing the product had changed its plans,
the cell-manufacturing process was commissioned to the Foundation
for Biomedical Research and Innovation at Kobe. Preparation for
a clinical study was initiated in compliance with the structure and
facility regulations, cell-manufacturing control, and quality standards
based on the Ordinance on Standards of Manufacturing Control and
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Figure 7. Development of medical device [magnetic cell sorter] and cell product (CD34"
cells) for CD34" cell therapy during clinical trials. GCTP: Good Gene, Cellular, and
Tissue-based Products Manufacturing Practice

Quality Control for Cellular and Tissue-based Products (Good Gene,
Cellular, and Tissue-based Products Manufacturing Practice). In 2013,
the Pharmaceutical Affairs Law was amended, and the Law on Securing
Quality, Efficacy and Safety of Products including Pharmaceuticals
and Medical Devices (Pharmaceutical and Medical Devices Act)
was enacted. In addition to pharmaceuticals and medical devices, a
new category of regenerative-medicine products was introduced for
regulatory review. Following consultation with the Pharmaceuticals
and Medical Devices Agency (PMDA) regarding the amendment,
we changed our product from the pharmaceutical category to the
regenerative-medicine product category. After repeated consultations
with the PMDA, the next-phase sponsor-initiated study was designed
to be conducted as a multicentre, randomized, comparative study,
aiming for regulatory approval of CD34" cells under the category of
regenerative-medicine products. The study was initiated in December
2017, and the first patient was enrolled in the same month. It is
currently ongoing. In March 2018, this regenerative-medicine product
was designated by the Ministry of Health, Labour and Welfare as an
appropriate product for the Sakigake Strategy, which consists of the
Sakigake Designation System and the Scheme for Rapid Authorization
of Unapproved Drugs. This strategy identifies breakthrough medical
devices, pharmaceuticals and regenerative-medicine products that are
designed to treat serious diseases and are likely to be developed first
in Japan. Such products are then given priority in consultations and
reviews to reduce the review time for approval.

4. FUTURE PROSPECTS

The efficacy and safety of this cell therapy have been demonstrated not
only for CLI and other ischemic diseases such as refractory angina pec-
toris’ 3, acute myocardial infarction®*, dilated cardiomyopathy®-2,
and cerebral infarction®, but also in refractory fracture* and liver cir-
rhosis patients®. The approval of CD34" cells as a regenerative-medicine
product is expected to pave the way for extending application to diseas-
es other than CLI.

advances.tri-kobe.org/en
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of peripheral blood CD34* cells in
patients with femoral _
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About 5-10% of bone fractures fail to heal after conventional treatment. Stem cell therapy
is promising for treating these cases, but initial results using mesenchymal stem cells have
been disappointing. In a phase I/Il clinical study, researchers associated with the Translational
Research Center for Medical Innovation (TRI) in Japan have shown that transplantation of
autologous CD34 cells from peripheral blood in patients with non-union fractures is safe and
effective way to heal such non-union fractures.

1. INTRODUCTION

Recent years have seen remarkable developments in the field of regenerative medicine as a result of research
into embryonic stem cells and induced pluripotent stem cells. However, unresolved issues with the use of
these so-called pluripotent cells, including ethical concerns and the potential for neoplastic cell transforma-
tion, make their clinical application problematic. Research into organogenesis and tissue regeneration has
hence mainly focused on somatic stem cells. Regeneration of bone and cartilage using mesenchymal stem
cells derived from the bone marrow or the synovial membrane is now attracting attention in orthopaedics
and has already been used clinically. However, serious disadvantages remain, including the invasiveness of
bone marrow collection, the difficulty and slowness of cell culture techniques, and the limited effectiveness
of therapy. Thus, less invasive and more effective therapies are needed.

Vascular research has been conducted to establish the pathogenesis and improve the treatment of vascular
diseases. Developments up until now in this field have not always been comparable with the most advanced
research in fields such as oncology, hematology and neurology. However, the recent detailed characteriza-
tion of the differentiation mechanisms involved in vascularization has opened up a new field of vascular re-
search, incorporating trends in fields such as hematology and embryology. In the field of regenerative med-
icine, which is now part of mainstream medicine, research into organogenesis and tissue regeneration using
various stem cells is underway, but many aspects of the mechanisms by which the vascular system can be re-
constructed to nourish regenerated organs and tissues remain unclear. Vasculogenesis thus has the potential
to play a key role in the development of regenerative medicine. After Asahara ez /. discovered human periph-
eral blood vascular endothelial progenitor cells (EPCs) in 19971, several studies have elucidated the mecha-
nism of vasculogenesis involving EPCs, in addition to that of conventional angiogenesis involving pre-exist-
ing vascular endothelial cells*’. Revascularization is currently performed as therapy for lower-limb ischemia
and ischemic cardiac diseases. The significance of vascularization, particularly for bone regeneration, has long
been recognized in orthopaedics.

This article presents an overview of basic research, non-clinical studies and a phase I/II clinical study to
investigate the 77 vivo kinetics of EPCs/peripheral blood CD34* cells and bone revascularization therapy us-
ing EPCs/peripheral blood CD34" cells, which have great potential for fracture treatment.

2. ANGIOGENESIS AND VASCULOGENESIS

Moses Judah Folkman first established the concept of angiogenic growth factor and its application to ther-
apy, and he showed that angiogenic growth factors were expressed as a result of cancer growth and infiltra-
tion. He defined angiogenesis as the process of forming new blood vessels from pre-existing adjacent blood
vessels by the proliferation and migration of vascular endothelial cells induced by growth factors®. The re-
cent discovery of various growth factors, including vascular endothelial growth factor (VEGF), has led to the
clinical application of therapy that promotes angiogenesis. However, some patients derived no clear benefit
from this therapy. In these patients, the response of pre-existing vascular endothelial cells to vascular growth
factors was probably lower at the ischemic lesion site. Therefore, the next challenge was to deliver highly re-
sponsive vascular endothelial cells to ischemic lesions.
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SUMMARY

In recent years, regenerative
medicine for treating
refractory diseases,
including the therapeutic
use of bone marrow
mesenchymal stem cells,
has been exciting increasing
interest in orthopaedics.

At the same time, detailed
characterization of the
differentiation mechanisms
in vascularization has led

to a new area of vascular
research, which is expected
to find clinical application
in orthopaedics. The close
relationship between the
fracture healing process
and vascularization has
been well documented.
Our many iz vitro and in
vivo studies on vascular
endothelial progenitor cells
and fracture healing in
animals have indicated the
therapeutic usefulness of
these cells. Based on these
results, we conducted a
phase I/II clinical study of
transplantation of autologous
CD34* cells from peripheral
blood in patients with non-
union fractures to evaluate
safety and efficacy. We
anticipate these studies will
demonstrate the efficacy of
the therapy and provide hope
for patients suffering from
non-union fractures.
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A Time CD34* cells Mononuclear cells PBS
(weeks) No. (%) No. (%) No. (%)
2 0/15(0) 0/15(0) 0/15 (0)
4 8/12 (66) 0/12 (0) 0/12(0)
8 9/9 (100) 0/9 (0) 0/9 (0)
B i G-CSF mobilized CD34* cells
Time No. (%) PBS
(weeks) No. (%)
10° 104 102
2 0/12 (0) 0/12 (0) 0/12 (0) 0/12 (0)
4 3/9 (33) 1/9 (11) 0/9 (0) 0/9 (0)
8 6/6(100) 2/6 (33) 0/6 (0) 0/6 (0)

Table 1. Fracture healing following transplantation of human peripheral blood CD34*
cells into a nude rat model (basic nonclinical studies)

In 1997, Asahara ez al. reported that EPCs were present in adult blood
circulation and involved in vascularization in severe ischemic lesions!. This
mechanism was found to be consistent with vasculogenesis, a process previ-
ously thought to occur only during fetal life, in which undifferentiated vas-
cular EPCs migrate to a local site, where they reside, proliferate and differ-
entiate to form a new blood vessel. This discovery led to the development of
a concept distinct from angiogenesis, which is the conventional concept of
vascularization in adults, where vascular endothelial cells proliferate and mi-
grate to adjacent pre-existing blood vessels. When ischemia, cancer, wound
healing or neovascularization in the uterus and the ovary were induced in
a transgenic mouse model of bone-marrow transplantation that expressed
[-galactosidase following expression of vascular endothelial cell-specific
genes (Flk-1, Tie-2), new blood vessels formed by cells expressing donor
bone marrow—derived Flk-1 or Tie-2>¢. These studies showed that vascular-
ization is achieved by both vasculogenesis and angiogenesis in adults as well
as in fetal life. Neovascularization in adults is now thought to be mediated
by an interaction between angiogenesis and vasculogenesis.

3. FRACTURE HEALING BY PERIPHERAL BLOOD EPCS/CD34*
CELLS

Bone fractures usually heal through anatomical reduction and rigid im-
mobilization. However, bone union fails to occur (non-union fractures) in
5-10% of patients with fractures, partly because appropriate circulation is
not achieved at the fracture site. Autologous free cancellous bone grafting
is performed and may be followed by vascularized bone grafting with a fo-
cus on revascularization, but healing of a non-union fracture is often difhi-
cult. We therefore focused on neovascularization through cell therapy using
EPCs and conducted basic experiments to examine the usefulness of this
therapy for non-union fractures in preclinical animal studies.

In a preliminary study, we analysed the iz vivo kinetics of EPCs in the
fracture healing process by developing a mouse model of closed fracture and
using fluorescence-activated cell sorting. EPCs were found to increase in
the bone marrow and the peripheral blood after fracture. Subsequently, to
demonstrate local differentiation of bone marrow—derived EPCs into vascu-
lar endothelial cells, double immunostaining of Scal and CD31 in a Tie2/
LacZ transgenic mouse model of bone marrow transplantation was per-
formed. It showed that bone marrow—derived EPCs differentiated into vas-
cular endothelial cells at the fracture site. These results demonstrated that
fracture-induced mobilization of EPCs from the bone marrow to the pe-
ripheral blood occurs and that EPCs contributed to healing at the fracture
site?. Other research groups have also reported that EPCs were mobilized to
the fracture site in humans8 and to the distraction osteogenesis site in a rat
distraction osteogenesis model®. These reports support our findings.

Given that revascularization using peripheral blood cells was possible, it
was logical to assume that differentiation of human peripheral blood CD34*
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Figure 1. Kinetics of peripheral blood CD34* cells in fracture healing. Intravenously
transplanted human peripheral blood CD34* cells were found to accumulate at the non-
union site, induce an environment suitable for fracture healing at the non-union site
through both vasculogenesis and osteogenesis, and contribute to fracture healing.

cells into vascular endothelial cells would promote bone regeneration. In
our next study, we therefore intravenously transplanted 105 CD34" cells col-
lected from the peripheral blood of healthy humans into a nude rat mod-
el of non-union fracture and demonstrated that these cells accumulated at
the non-union site and contributed to fracture healing by inducing an envi-
ronment suitable for healing through both vasculogenesis and osteogenesis
(Fig. 1)'°. Radiological and histological assessments showed that non-union
was still present in all animals in the control groups (one control group in-
jected with phosphate-buffered saline [PBS] and one transplanted with hu-
man mononuclear cells) 8 weeks postoperatively, whereas bone union was
achieved in 66% of animals at 4 weeks and in all animals at 8 weeks in the
CD34" cell transplant group (Table 1A). Mechanical assessment by a three-
point bending test demonstrated significantly stronger fracture healing in
the CD34" cell transplant group than in the control groups.

Fluorescently labeled CD34* cells were found to accumulate preferen-
tally at the non-union site and contribute to revascularization and bone
regeneration in collaboration with rat-derived endothelial cells and osteo-
blasts. Two weeks after transplantation, histological and molecular biolog-
ical analyses showed the presence of human-derived mature vascular en-
dothelial cells and osteoblasts at the non-union site, demonstrating that
CD34* cells had differentiated into mature endothelial cells and osteoblasts.
Single-cell reverse transcriptase polymerase chain reaction (RT-PCR) analy-
sis showed that approximately 20% of CD34* cells co-expressed osteocalcin,
an osteoblast-specific marker, immediately after isolation, and that human
CD34" cells appeared to directly differentiate into osteoblasts without fus-
ing with rat cells. Determination of the microvessel density and the osteo-
blast density in rats by immunostaining at the non-union site 2 weeks after
transplantation showed that angiogenesis and osteogenesis were significant-
ly increased in the CD34" cell transplant group compared with both control
groups. Because RT-PCR analysis identified angiogenic factors such as hu-
man-derived VEGF at the non-union site, the CD34* cells were considered
to play a paracrine role locally. Administration of soluble Flt1, a VEGF an-
tagonist, inhibited not only angiogenesis but also osteogenesis, showing that
angiogenesis by CD34* cells plays a key role in the fracture healing process.

With eventual clinical application in mind, we also conducted an ex-
periment to confirm that locally transplanted human peripheral blood
CD34" cells induced an environment suitable for fracture healing at the
non-union site through both vasculogenesis and osteogenesis and contrib-
uted to fracture healing in a dose-dependent manner''. First, peripheral
blood granulocyte colony stimulating factor (G-CSF)-mobilized CD34*
cells were transplanted locally to the non-union site of the same animal
model (using atelocollagen as a carrier). The numbers of cells transplant-
ed were based on the results of the above-described intravenous transplan-
tation. Radiological and histological assessments showed that bone union
was achieved in 33% of animals at 4 weeks and all animals at 8 weeks af-
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Case Sex
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Time to union

Age Fracture type Anatomical site Sequence of operative interventions  (jinical Radiological
(weeks) (weeks)
1 Male 41 Closed, oligotrophic Tibia, shaft 1. ORIF 12 12
2. Celland ABG
2 Female 38 Grade IlIA, oligotrophic Femur, shaft 1. ORIF 12 19
2. Cell and ABG
3 Male 31 Closed, oligotrophic Femur, trochanteric 1. IMN 24 38
2. Exchange nailing, Cell and ABG
4 Male 34 Grade Il, oligotrophic Tibia, shaft 1. ORIF 12 12
2. Cell and ABG
5 Male 28 Grade Il, hypertrophic Tibia, shaft 1. IMN 12 12
2. Dynamization
3. Exchange nailing
4. Dynamization
5. Exchange nailing, Cell and ABG
6 Male 20 Grade I1IB, defect Tibia, shaft 1. IMN 8 8
2. Celland ABG
7 Male 45 Closed, defect Tibia, plateau 1. ORIF 8 12
2. Revision plating, Cell and ABG

Table 2. Clinical and radiological outcomes for each patient in the phase I/l clinical study

Abbreviations: ABG, autologous bone grafting; Cell, transplantation of autologous peripheral blood CD34+ cells; IMN, intramedullary nailing; ORIF, open reduction and internal fixation.

ter transplantation of 10°cells, and in 11% of animals at 4 weeks and 33%
at 8 weeks after transplantation of cells, but not after transplantation of
103 cells or in PBS controls (Table 1B). Determination of the microvessel
density and the osteoblast density at the non-union site by immunostain-
ing at 2 weeks showed dose-dependent increases in angiogenesis and os-
teogenesis. Greater levels of angiogenesis and osteogenesis were observed
after transplantation of 10 cells and 105 cells than after transplantation of
103 cells or PBS injection. These results suggest that local transplantation
of peripheral blood CD34" cells would be useful as a new treatment op-
tion for non-union fractures.

To confirm the superiority of human peripheral blood CD34* cells over
mononuclear cells, we transplanted both cell types locally to the non-union
site of the nude rat non-union fracture model and compared their effects.
Transplantation of 10” mononuclear cells induced an environment suitable
for fracture healing through both vasculogenesis and osteogenesis and con-
tributed to fracture healing, but the efficacy was significantly inferior to
that of transplantation of 105 CD34* cells as measured by microvessel den-
sity, osteoblast density, and the density of human-derived mature vascu-
lar endothelial cells and osteoblasts, as well as by radiological, histological
and mechanical assessments'. These effects of CD34* and mononuclear
cell transplantation have been confirmed not only in this refractory non-
union fracture model but also in the established non-union model*. The re-
sults were attributed partly to infiltration of more inflammatory cells in the
mononuclear cell transplant group than in the CD34"* cell transplant group.

Further characterization of the mechanisms involved in fracture healing
associated with EPCs would lead to more improvement in therapeutic ef-
fects. We therefore investigated the healing effects of mobilization of EPCs
to the non-union site by sustained released G-CSF' and simvastatin'®, the
healing effect of extracellular mobilization of adaptor protein Lnk'®'” medi-
ated by SCF/c-Kit signalling, and mobilization of EPCs mediated by SDF-
1/CXCR4 signalling'®. All studies confirmed that EPCs are closely associat-
ed with fracture healing.

4. CLINICAL STUDY: BONE REVASCULARIZATION BY
TRANSPLANTATION OF PERIPHERAL BLOOD CD34* CELLS
Based on the above-described non-clinical research results, a phase I/1I clin-
ical trial of bone revascularization by transplantation of autologous periph-
eral blood CD34* cells was conducted in patients with non-infectious, non-
union fractures, following approval by the Review Committee on Clinical
Research of Human Stem Cells on 4 September 2009. An advantage of
bone revascularization therapy by transplantation of autologous peripher-
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CD34- cells Historical control
Number of patients 7 1
Sex (male/female) 6/1 9/2
Age 34 (20-45) 37 (21-56)
Femur/tibia 2/5 417
Union at week 12 5/7 (71.4%) 2/11 (18.1%)
Time to union (weeks) 16.1 (8-38) 29.1 (12-44)

Table 3. Comparison of Phase I/Il study with historical control

al blood CD34"* cells over conventional therapies is that it regenerates both
bone and new blood vessels after proliferation of cells in an undifferentiated
state and subsequent differentiation at the non-union site.

Eligible patients (two with femoral non-union fractures and five with
tibial non-union fractures) aged between 20 and 70 years provided writ-
ten informed consent in person. After obtaining consent, screening tests, a
case review meeting and an eligibility assessment were conducted and pa-
tients were then enrolled. CD34* cell isolation, non-union surgery and cell
transplantation were performed at the Institute of Biomedical Research and
Innovation, and patients were then transferred to Kobe University Hospi-
tal for observation.

G-CSF was subcutaneously injected for 5 days to mobilize CD34* cells
into the peripheral blood. Mononuclear cells were collected by apheresis,
and CD34* cells were isolated by magnetic-activated cell sorting. Treatment
involved non-union surgery (to improve internal fixation as needed in ad-
dition to autologous bone grafting) on day 6 and transplantation of 5 x 10°
cells kg™ of autologous peripheral blood CD34* cells using atelocollagen as
a carrier (Fig. 2). The primary endpoints were safety and the presence or ab-
sence of radiological fracture healing 12 wecks after surgery.

We first reported safety and efficacy in a patient who had tibial non-
union”. The mean postoperative time to clinical bone union was 12.6
weeks, and the mean postoperative time to radiological bone union was
16.1 weeks (Table 2)?. The efficacy of the therapy was demonstrated —
71.4% of patients achieved radiological bone union at 12 weeks after sur-
gery, the primary endpoint, compared with a healing rate of 18.1% in 11
patients with femoral or tibial non-union who underwent concomitant
bone grafting in the same medical institution, a patient group sclected as
a historical control (Table 3). The safety evaluation 1 year after surgery
showed no serious adverse events.
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Figure 2. Overview of the clinical study. CD34* cells were mobilized into the peripheral blood by subcutaneous injection of G-CSF, mononuclear cells were collected by apheresis,
and then CD34" cells were isolated by magnetic-activated cell sorting. Non-union surgery (improvement of internal fixation as necessary in addition to autologous bone grafting) was
performed on day 6 and 5 x10° cells kg™' of autologous peripheral blood CD34* cells were transplanted using atelocollagen as a carrier. G-CSF, granulocyte colony stimulating factor.

5. FUTURE PROSPECTS
The significance and efficacy of EPCs/CD34" cells in fracture healing de-
scribed so far have attracted the attention of other research groups in re-
cent years, and the results of basic research continue to accumulate. The
effect of mobilization of EPCs to the peripheral blood has been reported
for the rat model of tibial distraction osteogenesis*' and the mouse model
of femoral fracture? as well as for tibial long bone fracture in humans®?.
As well as in our immunodeficient rat non-union fracture model'*'?, im-
munodeficient rat non-union model", and rat femoral defect model*>*,
the efficacy of EPCs/CD34" cells in the fracture healing process has also
been reported for the ovine tibial defect model®. Thus, the importance of
EPCs/CD34" cells has been increasingly recognized in recent years?2.
The phase I/1I clinical study demonstrated the efficacy and safety of this
therapy in patients with non-union fractures. With the aim of establishing
this therapy as a standard of care, we need to conduct a multicentre, inves-
tigator-initiated study in a larger number of patients. Transplantation of pe-
ripheral blood CD34* cells, a novel therapy for non-union fractures, has al-
ready demonstrated high efficacy and safety in animal experiments and early
clinical studies, and excellent therapeutic effects are expected in future ex-
tensive clinical applications.
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Severe ocular surface disorders such as Stevens-Johnson syndrome, ocular pemphigoid
and thermal or chemical injury are difficult to treat and have a poorer visual prognosis
than other stem cell deficiency conditions. Using an amniotic membrane as a substrate for
culturing cells, researchers associated with the Translational Research Center for Medical
Innovation (TRI) in Japan have generated stratified mucosal epithelial sheets consisting of
corneal epithelial stem cells or autologous oral mucosal epithelial cells, and have used
these to regenerate the ocular surface. Early clinical studies have demonstrated visual
improvement for cicatricial corneal opacity, epithelial repair for refractory epithelial defect
and efficacy for conjunctival sac reconstruction. The technique should be applicable to
other diseases of the ocular surface.

1. INTRODUCTION

There are two types of mucosal epithelia on the ocular surface: the corneal epithelium and the conjunctival
epithelium. The narrow interface between the cornea and conjunctiva is called the limbus. The basal layer
of the limbal epithelium is believed to contain corneal epithelial stem cells'*. Corneal epithelial cells can
no longer be supplied when the limbus is extensively damaged, which leads to the corneal surface being
covered with the neighbouring conjunctival epithelium, fibrous tissue and blood vessels, severely impair-
ing visual function. Discases in which the function of corneal epithelial stem cells are impaired are known
as limbal stem cell deficiency conditions®*®. Such conditions, which include Stevens—Johnson syndrome
(§]S), ocular pemphigoid and thermal or chemical injury, are characterized by progressive fibrosis of sub-
conjunctival connective tissues and inflammation. This leads to mucosal shrinkage or scarring or adhesion
of the ocular surface, which produces severe dry eyes. SJS, ocular pemphigoid and thermal or chemical in-
jury all involve cicatricial changes to the ocular surface and poor ocular surface conditions. These condi-
tions have been classified as severe ocular surface disorders because they are especially severe, difficult to
treat and have a poor visual prognosis compared to other stem cell deficiency conditions®”.

Penetrating (or lamellar) keratoplasty, a common transplantation procedure, does not transplant
limbal stem cells and thus it cannot be expected to give any clinical benefit for conditions involving
stem cell deficiency. Transplantation of the mucosal epithelium, which contains stem cells, is required
to treat stem cell deficiency. Hence, corneal epithelial transplantation procedures such as kerato-epi-
thelioplasty and limbal transplantation have been developed®’. However, epithelial transplantation re-
quires a fresh donor, which is difficult to obtain. In addition, corneal epithelial transplantation has a
higher rejection rate than penetrating keratoplasty. Studies have shown that persistent epithelial defects
can easily occur after epithelial transplantation for severe ocular surface disorders. Even when an epi-
thelial graft is accepted, progressive cicatricial changes can arise and persist in the long term, resulting
in a poor visual prognosis”'’.

In 1997, Pellegrini ez al. developed tissue-engineered corneal epithelial sheet transplantation as a novel
therapeutic method for severe ocular surface disorders. They separated cells from a small amount of cor-
neal-limbal epithelial tissue, generated epithelial sheets ex vivo, and then successfully transplanted them
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SUMMARY

Damage to the limbus

can result in conditions
arising from a deficiency in
limbal stem cells, such as
Stevens—Johnson syndrome,
ocular pemphigoid and
thermal or chemical injury.
Transplantation of mucosal
epithelium containing

stem cells is needed to treat
these severe ocular surface
disorders. Our treatment
concept provides a sheet

of mucosal epithelium
generated outside the

body. We use an amniotic
membrane as a substrate

for culturing cells, generate
stratified mucosal epithelial
sheets consisting of corneal
epithelial stem cells or
autologous oral mucosal
epithelial cells, and use these
to regenerate the ocular
surface. In unilateral diseases,
corneal epithelial sheets can
be generated using cells taken
from the other (healthy)

eye. Aiming for autologous
transplantation in bilateral
diseases, we developed
epithelial sheets using cells
from patients’ oral mucosa.
Basic research in rabbit
models of corneal disease
confirmed that oral mucosal
epithelial sheets cultivated
on amniotic membrane

can survive and expand
while maintaining corneal
transparency on the ocular
surface. Early clinical studies
(72 patients) demonstrated
visual improvement for
cicatricial corneal opacity,
epithelial repair for refractory
epithelial defect and

efficacy for conjunctival

sac reconstruction. Similar
effects were seen in a
prospective clinical study. We
anticipate that our technique
can be applied to other
diseases of the ocular surface.
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into two patients''. Since then, basic and clinical research on corneal re-
generation has gained momentum worldwide.

We have focused on amniotic membrane as a substrate for culturing
cells, generating stratified mucosal epithelial sheets consisting of corne-
al epithelial stem cells or oral mucosal epithelial cells, and using these
to regenerate the ocular surface in severe ocular surface disorders'>'.

2. DEVELOPMENT OF NEW TREATMENT TECHNIQUES AND
NON-CLINICAL PROOF OF CONCEPT

2.1 Clinical studies of transplantation of corneal epithelial sheets
cultivated on amniotic membrane

The amniotic membrane is a thin membrane covering the fetal and pla-
cental surfaces. It consists of a basement membrane and a layer of amniot-
ic epithelial cells. Because the amniotic membrane is unlikely to be reject-
ed, it has long been used in surgery and dermatology. For example, it has
been used to prevent adhesion after abdominal surgery and to promote
epithelial repair of skin burns. The use of amniotic membrane in oph-
thalmology was reported in 1995 by Kim and Tseng, who used a cryopre-
served amniotic membrane to reconstruct the ocular surface in rabbits®.
Thereafter, amniotic membrane transplantation, with or without corne-
al epithelial transplantation, has been used to treat cicatricial diseases, in-
cluding recurrent pterygium and SJS'.

The amniotic membrane is known to have various beneficial effects,
including reducing scar formation, promoting epithelial growth mediated
by growth factors', reducing inflammation'® and reducing neovascular-
ization. In particular, the collagen that makes up its basement membrane
resembles that of the basement membrane of the ocular surface (i.e., cor-
neal and conjunctival) epithelial cells”®. Based on the assumption that se-
lection of the substrate for culturing epithelial cells is important to obtain
good prognosis, we established a method for culturing mucosal epitheli-
al stem cells using a denuded amniotic membrane as the substrate. This
was prepared by scraping off amniotic epithelial cells from cryopreserved
amniotic tissue® %,

In 1999, we began the clinical application of cultivated allogeneic cor-
neal epithelial sheet transplantation for treating bilateral severe ocular sur-
face disorders®?*. Cultivated corneal epithelial sheets were successfully
grafted onto the cornea, and we were able to achieve epithelial recon-
struction in patients having persistent epithelial defects with prolonged
acute-phase inflammation, for which no other treatment was available.
We also achieved visual improvement in patients with chronic visual im-
pairment. Initially, we transplanted cultivated allogeneic corneal epitheli-
al sheets in eyes with SJS, chemical injury or ocular pemphigoid (25 eyes
in 23 patients). The transplanted corneal epithelium survived and main-
tained corneal transparency for a long time in patients with chemical inju-
ry. However, in patients with SJS and ocular pemphigoid the transplanted
corneal epithelium was slowly replaced by conjunctival epithelium. Ad-
verse events were obvious rejection (observed in four eyes) and corneal
infection due to methicillin-resistant Staphylococcus aureus (MRSA) and
Staphylococcus epidermidis (three eyes).

Most severe ocular surface diseases are bilateral, but in unilateral dis-
eases, corneal epithelial sheets can be generated using cells taken from the
other (healthy) eye. A patient with a unilateral chemical injury who re-
ceived an autologous epithelial sheet transplant had a favorable outcome
without developing complications®. Aiming for autologous transplanta-
tion in bilateral diseases, we started to develop cultivated epithelial sheets
using patients” own cells.

2.2 Transplantation of autologous oral mucosal epithelial sheets
cultivated on amniotic membrane: establishing non-clinical

proof of concept

We created cultivated oral mucosal epithelial sheets from rabbits and
performed autologous transplantation of these sheets onto the ocular
surface?. Rabbit oral mucosal epithelial cells cultivated on an amniot-
ic membrane reached confluence in approximately 7 days, producing
five to six layers of well-stratified epithelium, which was similar to cor-
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Figure 1. Establishment of non-clinical proof of concept. A, Rabbit oral mucosal
epithelial cells cultivated on amniotic membrane (asterisks) produced four to five layers
of cells [circles) that resembled normal corneal epithelium. B, D, Tight junctions were
seen between the cells in the superficial layer (arrow in C). D, The most superficial

layer was covered with glycocalyx-like material (arrow). E, The cells were attached

to each other by many desmosomal junctions (arrows). F, The basal cells adhered

to the amniotic membrane via hemidesmosome attachments (arrows). G, Before
transplantation, the rabbit cornea showed stem cell loss and conjunctival invasion on the
cornea. H, The oral mucosal epithelial sheet cultivated on amniotic membrane survived,
expanded and maintained corneal transparency on the rabbit ocular surface (10 days
after transplantation). I, The transplanted epithelial sheet attached to the corneal stroma
without developing inflammatory cell infiltration or stromal edema.

neal epithelium, in about 14 days. The surface layer had countless mi-
crovilli, and the cells were attached to each other by numerous desmo-
somal junctions. Hemidesmosome attachments were seen between the
basal cells and the amniotic membrane. Immunohistology for keratins
expressed in the cultivated oral mucosal epithelial sheets showed the
presence of mucosa-specific keratin-4 and keratin-13 and the absence of
epidermal-type keratin-1 and keratin-10, which was consistent with his-
tological findings. Among corneal epithelial-specific keratins, keratin-3
was also present, but keratin-12 was not. These results allowed us to de-
termine the histologic characteristics of the cultivated oral mucosal epi-
thelial sheets: unlike the epidermis, which differentiates into keratinized
cells, the cultivated oral mucosal epithelial cells had the characteristics
of non-keratinized mucosa, while simultaneously expressing some cor-
nea-specific keratins (keratin-3).

We created a corneal epithelial stem cell deficiency model. Briefly, af-
ter removing all corneal and conjunctival epithelial tissue up to 5 mm
outside the limbus in the albino rabbits from which we collected oral
mucosa, surrounding conjunctival tissue totally covered the ocular sur-
face. After removing any conjunctival tissue covering the corneal sur-
face in these eyes, we transplanted oral mucosal epithelial sheets that
had been cultured on an amniotic membrane. Immediately after trans-
planting, the ocular surface showed a similar transparency to that ob-
served following transplantation of cultivated corneal epithelial sheets;
48 hours after transplantation, we could confirm the survival of the cul-
tivated epithelium. Ten days after transplantation, not only had the
transplanted mucosal epithelial sheet survived on the ocular surface, but
also fluorescein staining revealed that the epithelial cells had expanded
outward from the mucosal sheet relative to 48 hours post-transplanta-
tion. These results confirmed that oral mucosal epithelial sheets cultivat-
ed on an amniotic membrane can survive and expand while maintaining
corneal transparency on the ocular surface®.

Based on the data obtained from animal models, we began work on
clinical application in humans. After obtaining adequate informed con-
sent, we collected normal human oral mucosal tissue and attempted to
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Figure 2. Procedure for transplanting cultivated autologous oral mucosal

epithelial sheets. A mucosal specimen containing the oral mucosal epithelium was
collected to create an oral mucosal epithelial sheet at the Cell Procession Center. After
about 2 weeks, this stratified epithelial sheet was used for cultivated oral mucosal
epithelial sheet transplantation.

determine specific conditions for creating human cultivated oral muco-
sal epithelial sheets. We found it was difficult to create human sheets un-
der the same conditions used to create rabbit cultivated oral mucosal epi-
thelial sheets, and we observed interspecies differences in cellular kinetics.
However, we were able to facilitate the development of human cultivated
oral mucosal epithelial sheets by modifying the culture process, including
the culture medium?%.

At almost at the same time, Nishida ez 2/.*° developed anoth-
er regenerative procedure using the patient’s own oral mucosal epithe-
lial cells to cultivate and transplant autologous oral mucosal epithe-
lial sheets. However, their method is very different as they transplant
a sheet of epithelial cells fabricated on a temperature-responsive cul-
ture dish and do not use amniotic membrane. In our method, multilay-
ered epithelial cells are attached to the base of the amniotic membrane,
and thus are less likely to be lost by external stresses such as blinking
or dryness.

With the aim of assessing the in vivo function of the human cul-
tivated epithelial sheets, we performed xenogeneic transplantation of
these sheets onto the ocular surface of rabbits. As with the rabbit mod-
el, the human cultivated oral mucosal epithelial sheet had similar mor-
phologic features to corneal epithelium and survived on the ocular
surface (Fig. 1),

3. SURGICAL PROCEDURES AND POSTOPERATIVE
MANAGEMENT

Surgical procedures involve removing scar tissue from the ocular sur-
face to expose the normal corneal stroma or sclera and transplanting the
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Bl Amniotic membrane 7 Cultivated oral mucosa epithelial sheet

during surgery 1-2 weeks later

A: Corneal reconstruction

OO

B. Conjunctival sac reconstruction
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Amniotic Cultivated oral Growth of the oral
membrane mucosal epithelial mucosal epithelium
transplant sheet transplant led to regeneration of

epithelium on the
amniotic membrane.

Figure 3. Extension of epithelial cells from the cultivated mucosal epithelial sheet after
transplantation. A, Corneal reconstruction; B, conjunctival sac reconstruction.

cultivated autologous oral mucosal epithelial sheet onto the cornea or
sclera. The adhesion on the ocular surface is incised so as to release sym-
blepharon and then subconjunctival proliferative tissues are removed.
Any abnormal proliferative tissues present on the cornea and limbus are
removed with a spatula to expose the corneal stroma. A microsponge
soaked in 0.04% mitomycin C is applied to the periphery of the sub-
conjunctival area for 4 minutes after removing subconjunctival connec-
tive tissues. The surgical area is then washed with approximately 300 ml
of saline. The cultivated autologous oral mucosal epithelial sheet is su-
tured onto the cornea or sclera; this is combined with amniotic mem-
brane transplantation in patients with widely exposed sclera (Fig. 2)*'.
When an amniotic membrane is transplanted, the oral mucosal epithe-
lium extends smoothly from the transplanted oral mucosal epithelial
sheet to the amniotic membrane (Fig. 3).

As the transplanted tissue is autologous, there is no need to use
immunosuppressants to prevent rejection when transplanting cul-
tivated oral mucosal epithelial sheets. However, in severe ocular sur-
face discases, particularly SJS and ocular pemphigoid, surgery induc-
es significant inflammation, which induces epithelial disturbances and
scarring of the ocular surface (e.g., symblepharon, which is conjunc-
tivalization with fibrous tissue). It is thus critical to fully suppress in-
flammation of the ocular surface immediately after surgery. Since this
is difficult to do with steroids alone, systemic immunosuppressants (cy-
closporine) should be co-administered for cases with severe ocular sur-
face scarring'®?. Ocular pemphigoid is a chronic, progressive, refracto-
ry autoimmune disease, and the use of cyclophosphamide can prevent
disease progression.
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SJS Ocular pemphigoid cheTmhiecr:-:Tianlj/ury Other Total
Number of patients 21 10 7 9 47
Mean age 43.0 73.5 50.0 34.0 57.0
. ’ 2.40 2.70 2.70 2.40 2.40
LogMAR visual acuity [range] | (4 ;5_3 ng) (1.52-2.70) (12252700 | (1.10-2.70) | (1.11-3.00)
Before surgery | Symblepharon (%) 18 (85.7) 10 (100) 6(85.7) 3(33.3) 37(78.7)
Keratinization (%) 8(38.1) 1(10.0) 0 (0) 1(11.) 10 (21.3)
Delayed surgery (%) 2(9.5) 0(0) 6(85.7) 2(22.2) 10 (21.3)

Table 1. Characteristics of patients treated for visual improvement.

Almost all patients also have dry eyes, and so artificial tears should be
used frequently. The ocular surfaces of patients with severe ocular surface
diseases, especially SJS, have an increased susceptibility to infection; par-
ticular attention should be paid to MRSA colonization and infection'®*.
Preoperative assessment of the ocular surface and postoperative manage-
ment are important factors that determine the prognosis after surgery.

4. THERAPEUTIC EFFECTS IN CLINICAL TRIALS

AND INTERPRETATION

4.1 Overview

Since performing the world’s first successful transplantation of cultivat-
ed oral mucosal epithelial sheets in humans at Kyoto Prefectural Univer-
sity of Medicine in 2002, we have carefully collected cases of treatment
of stem cell deficiency in refractory ocular conditions®*. As the num-
ber of patients gradually increased, our project became an external seed
translational research project within the Foundation for Biomedical Re-
search and Innovation in 2008. With the support of the Translational Re-
search Informatics Center, we conducted a retrospective study and statis-
tical analysis of 72 patients (81 eyes, 86 surgeries) who had undergone
transplantation of cultivated autologous oral mucosal epithelial sheets be-
tween June 2002 and December 2008437,

Conditions that led to transplantation included SJS (21 patients), oc-
ular pemphigoid (20 patients), thermal or chemical injury (13 patients),
conjunctival malignancy (4 patients) and other conditions (14 patients).
The purpose of treatment was broadly classified into four categories: visual
improvement for cicatricial corneal opacity (47 transplants); epithelial re-
pair for persistent epithelial defects with accompanying subacute inflam-
mation (10 transplants); release of conjunctival sac adhesion (22 trans-
plants); and other (7 transplants) (Fig. 4). The most common condition
treated by corneal reconstruction (visual improvement and epithelial re-
pair) was SJS, and the most common condition treated by conjunctival
sac reconstruction was ocular pemphigoid.

We examined visual acuity and ocular surface findings before trans-
plantation, at weeks 4, 12 and 24 after transplantation, and at the final
visit before the end of 2008, and assessed the success of the transplanta-
tion. We also noted all adverse events and used multivariate analysis to
identify factors associated with their occurrence® .

4.2 Effects of epithelial sheet transplantation

Improvement in best-corrected visual acuity at the 24th week after surgery
occurred in 46.8% of eyes in the visual improvement group; improvement
in epithelial defect score was seen in 90.0% of eyes in the epithelial re-
pair group; and improvement of symblepharon score was seen in 68.2%
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of eyes in the adhesion release group. Statistically significant efficacy was
demonstrated in all groups.

4.2.1 Visual improvement

In total, 47 surgeries were performed in 46 eyes of 40 patients with the
purpose of improving vision®. Conditions included SJS (21 eyes in 17 pa-
tients), ocular pemphigoid (10 eyes in 9 patients), thermal or chemical in-
jury (7 eyes in 6 patients) and other (8 eyes in 8 patients), including idio-
pathic stem cell deficiency, radiation keratopathy, graft versus host disease
(GVHD) and aniridia (Table 1, Fig. 4). Retransplantation was performed
in one eye with radiation keratopathy.

Improvement in best-corrected visual acuity at the 24th postoperative
week was seen in 12 of 21 eyes with SJS (57.1%; 95% CI 34.0-78.1%),
3 of 10 eyes with ocular pemphigoid (30.0%; 95% CI 6.7-65.2%), and
3 of 7 eyes with thermal or chemical injury (42.9%; 95% CI 9.9-81.6%)
(Fig. 5A and B). Patients with severe corneal stromal opacity under-
went penetrating or lamellar keratoplasty after stabilizing the transplant-
ed epithelium?. Six patients with thermal or chemical injury underwent
this two-stage procedure and saw an improvement in their visual acuity
after transplantation.

Cases with keratinization (abnormal differentiation of the epithelium)
and symblepharon are the most serious of severe ocular surface diseases;
they are also known as end-stage ocular surface diseases, and patients are
usually ineligible for transplantation’. In the visual improvement group,
preoperative symblepharon was observed in 37 eyes (78.7%) and kerati-
nization in 10 eyes (21.3%), and the mean LogMAR visual acuity before
surgery was 2.40 (i.e., counting fingers vision). If surgery can improve vi-
sual acuity below counting fingers to 0.01 or better, patients will be able
to read or walk independently. We calculated the critical visual improve-
ment rate as the proportion of patients whose preoperative vision was be-
low counting fingers (best-corrected visual acuity of less than 0.01) and
which had improved to 0.01 or better by the 24th postoperative week; the
results were 50.0% (7 of 14 eyes), 42.9% (3 of 7 eyes) and 20.0% (1 of 5
eyes) for SJS, ocular pemphigoid and thermal or chemical injury, respec-
tively. Eyes with thermal or chemical injury achieved visual improvement
after delayed penetrating or lamellar keratoplasty. Improvement was seen
in about half of the eyes with a severe disease that are usually considered
unsuitable for surgery.

4.2.2 Epithelial repair

Epithelial repair was achieved in all patients with persistent epitheli-
al defects and accompanying sub-acute inflammation (10 eyes in 9 pa-
tients [both eyes in 1 patient]), and the epithelial defect resolved with-
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A: Categorized by purpose of transplantation
Transplantation performed between: First: 24 June 2002, Last: 26 December 2008
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Breakdown
1 transplant 2 transplants
. 14 patients
Retrospective study sub- 58 ’ ’
: . patients (1 transplant in each of both eyes:
Jects 72 patients (81 eyes) 9 patients, 2 transplants in 1 eye: 5 patients)
Number of transplants
86 eyes (transplant/eye) 76 eyes Seyes
Target therapeutic effect
Breakdown
Diagnosis
1 transplant 2 transplants
Visual improvement for e S5JS: 21 eyes (including 2 eyes with 2-stage surgery)
cicatricial corneal opacity 33 patients | 7 patients * Ocular pemphigoid: 10 eyes ) ) )
40 patients# (46 eyes) e Thermal/chemical injury: 7 eyes (including 6 eyes with
2-stage surgery)
e Aniridia: 1 eye
e Stem cell deficiency due to drug toxicity: 1 eye
Number of transplants 46 eyes ey o ;JSrneiw]n cause: 3 eyes (including 2 eyes with 2-stage
47 eyes (transplant/eye) . GVI—?D-% eyer
e Salzmann’'s corneal degeneration: 1 eye
e Radiation keratopathy: 2 eyes
Epithelial repair for subacute 1 patient
persistent epithelial defect 9 patients (1 transplant in each
9 patients (10 eyes) of both eyes 1 patient] | ¢ SJS:3eyes
e Ocular pemphigoid: 2 eyes
. ATy o
Number of transplants 10 eves ) Thermal/chemical injury: 5 eyes
10 eyes (transplant/eye) Y
: : 1 patient e SJS: Teye
Release of conjunctival sac . . Lo
7 . 21 patients | (1 transplantin each e Ocular pemphigoid:10 eyes
adhesion 21 patients (22 eyes] of both eyes 1 patient) | o Thermal/chemicalinjury: 4 eyes**
e Severe recurrent pterygium with symblepharon: 2 eyes
e GVHD: 1 eye*
e Trachoma: 1 eye
Number of transplants L
22 eyes [transplant/eye) 22 eyes B * Ocular pseudopemphigoid: 1eye o
e |diopathic cicatricial keratoconjunctival epitheliopathy: 1 eye
e Measles: 1 eye
Malignant tumour excision 2 patients [22pt?'tai§2:jants i
4 patients (4 eyes) 1 eye 2 patients) e CIN: 1Teye
e Conjunctival squamous cell carcinoma: 1 eye
Conjunctival melanoma: 2 eyes $
Number of transplants ° ) y
6 eyes (transplant/eye) 2 s 2
Other (cosmetic) .
1 patient (1 eye) 1 patient B
Number of transplants
1 eye (transplant/eye) 1eye )

Figure 4. Patient details in early clinical studies. a, Categorized according to reason for transplantation; b, Categorized according to disease.
CIN, conjunctival intraepithelial neoplasia ; GVHD, graft versus host disease; SJS, Stevens-Johnson syndrome

#: Includes 1 patient in whom a transplant was also given to the other eye for a different purpose.

*, **: Each includes 1 transplant performed on the same eye of the same patient for a different purpose.

$: 2 transplants were given to the same eye of the same patient for the same purpose.
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Figure 5. Representative cases. A, B, Epithelial sheet transplantation was performed
for visual improvement; C, D, for epithelial repair; E, F, for fornix reconstruction.
photographs were taken before surgery (A, C, E) and at the 24th postoperative week
(B, D, F).

in 4 weeks of transplantation in 7 eyes (Figs. 5C and D)*. Conditions
treated included SJS (3 eyes), ocular pemphigoid (2 eyes) and thermal or
chemical injury (5 eyes).

Persistent epithelial defect with accompanying sub-acute inflamma-
tion is a condition in which a non-healing epithelial defect is accompa-
nied by persistent inflammation resulting from the development of a to-
tal corneal epithelial defect extending beyond the limbus during the acute
phase of SJS or a thermal or chemical injury. This condition is resistant
to all treatments, including eye drops and ointments, oral anti-inflamma-
tory drugs and epithelial protection by eye patching or medical-use soft
contact lenses. It carries a high risk of corneal infection, corneal stromal
melting and corneal perforation, and may lead to blindness. Even if these
complications are avoided, conjunctival and connective tissues eventual-
ly cover the corneal surface, leading to blindness. When cultivated muco-
sal epithelial sheet transplantation is used to treat this disease, epitheliali-
zation of the corneal surface is achieved at the time of surgery, which can
help to prevent serious complications, such as infection and perforation.
In addition, it can help inhibit postoperative inflammation of the ocular
surface and reduce cicatricial changes®*.

Transplantation of cultivated allogeneic corneal epithelial sheets pro-
duced a favorable outcome in treating this condition®?. We obtained
similar results with transplantation of cultivated autologous oral mucosal

epithelial sheets.

4.2.3 Release of adhesion
Fornix reconstruction was performed in 22 eyes in 21 patients (both eyes
for 1 patient) using cultivated autologous oral mucosal epithelial sheets for
the purpose of adhesion release. The most common underlying condition
was ocular pemphigoid (10 eyes), followed by thermal or chemical injury
(4 eyes), SJS (1 eye) and other (7 eyes).

For the adhesion release group in ocular pemphigoid patients, the
symblepharon score improved for 6 of 10 eyes, and the total upper and
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lower conjunctival sac adhesion score improved for 7 of 10 eyes (Figs. SE
and F). Cataract surgery involving transplanting epithelial sheets was
performed in 5 eyes (50%) with ocular pemphigoid.

Ocular pemphigoid rarely presents with the acute symptoms seen
in SJS or thermal or chemical injury. It develops without symptoms;
shrinkage of the conjunctival sac progresses slowly over several years,
and eventually leads to corneal epithelial stem cell deficiency and
corneal opacity. Using transplantation of cultivated autologous oral
mucosal epithelial sheets to reconstruct the conjunctival sac in ocular
pemphigoid patients is significant because of its role as a rescue therapy,
namely stem cell protection before the development of epithelial
stem cell deficiency.

All patients with thermal or chemical injury saw an improvement
in their adhesion score within 4 weeks of transplantation with no
tendency towards recurrence thereafter. However, in the ocular
pemphigoid group, improvement was maintained in 5 eyes (50%), but
adhesion recurred in 4 eyes (40%). It is unclear whether the two different
postoperative courses were due to host factors or environmental factors.
Further investigation is needed to clarify the role of cultivated autologous
oral mucosal epithelial sheet transplantation in ocular pemphigoid.

4.3 Adverse events

Adverse events included 24 cases of persistent epithelial defects in 22 pa-
tients (30.6%), 3 cases of infection in 3 patients (4.2%) and 7 cases of
increased intraocular pressure due to steroids in 7 patients (9.7%). All
cases of persistent epithelial defect ultimately healed, and none result-
ed in blindness.

Multivariate analysis to determine the factors associated with the
occurrence of persistent epithelial defect in all cases of transplanta-
tion identified three factors: underlying disease (p = 0.0119), meniscus
(p = 0.0323) and preoperative corneal neovascularization (p = 0.0806).
These results indicate that an underlying condition of SJS, poor tear
production with a very low meniscus and preoperative corneal neovas-
cularization severe enough to cover the pupil are risk factors for develop-
ing persistent epithelial defect. In fact, persistent epithelial defect devel-
oped in 7 of 10 eyes having all three of these risk factors.

4.4 Long-term course

A long-term clinical follow-up of 19 eyes in 17 patients for over 3 years
without additional intervention (including delayed surgery) revealed
that the transplanted oral mucosal epithelium stabilized at 6 months
after surgery and that a good epithelium was maintained on the ocular
surface over a long period™.

4.5 Prospective clinical study

Based on the above results, we limited patients for a prospective clinical
study to those with the three most severe refractory conditions (SJS, oc-
ular pemphigoid and severe thermal or chemical injury) and performed
transplantation of cultivated autologous oral mucosal epithelial sheets in
22 patients between September 2014 and March 2017 as part of a pro-
spective clinical study under the Advanced Medical Care System?. The
results are currently being analyzed.

4.6 Visual rehabilitation using limbal contact lenses

With the aim of reducing irregular astigmatism and dry eyes in severe
ocular surface diseases, we developed our own rigid contact lens (lim-
bal rigid contact lens) design with a diameter of 13 to 14 mm. A clinical
study demonstrated significant improvement in visual acuity and quality
of life, particularly in SJS patients®. Therefore, we conducted an inves-
tigator-initiated study in SJS patients and obtained regulatory approv-
al in February 2016%.

Irregular astigmatism is present on the ocular surface after transplantation
of cultivated autologous oral mucosal epithelial sheets. The use of limbal rig-
id contact lenses following epithelial stabilization after transplantation can
reduce irregular astigmatism and improve visual function (Fig. 6)'. Limbal
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Figure 6. Improvement in visual function using limbal rigid contact lenses. A patient
with Stevens-Johnson syndrome with severe adhesion on the ocular surface and

a preoperative vision of counting fingers (0.004). The patient’s own oral mucosal
epithelium transplanted onto the cornea was nearly stabilized 6 months after surgery,
improving visual acuity to 0.05; the use of limbal rigid contact lenses further improved
visual acuity to 0.9-1.0. This improvement has been maintained for over 7 years since
surgery. (Modified from Ref. 41.)

COMET, cultivated oral mucosal epithelial sheet transplantation

rigid contact lenses can increase the therapeutic effects of cultivated autolo-
gous oral mucosal epithelial sheet transplantation.

5. FUTURE PROSPECTS AND CHALLENGES

Transplantation of cultivated autologous oral mucosal epithelial sheets
brings a ray of hope to vision-impaired patients with severe ocular sur-
face diseases. The technique could be expanded to treat other conditions.
However, both social and medical challenges need to be overcome in or-
der to further improve outcomes.

5.1 Expansion of indications
SJS, ocular pemphigoid and thermal or chemical injury lead not only to loss
of the corneal epithelium, but also to the loss of conjunctival epithelial stem
cells. Diseases with similar conditions include GVHD and idiopathic stem
cell deficiency, and future expansion to include these indications is expected.
Among the patients classified in the ‘Other’ category in our early clin-
ical studies, 4 patients had malignant tumours. If transplantation of cul-
tivated autologous oral mucosal epithelial sheets could be used to treat
malignancy, it would allow us to take a sufficient safety margin during tu-
mour excision and expect rapid epithelial repair after surgery.

5.2 Medical challenges

One study has reported the induction of differentiation of iPS cells into
corneal epithelial cell-like cells, which may enable cultivated autologous
corneal epithelial sheets to be transplanted for bilateral diseases in the fu-
ture®?. However, the morphology and nature of epithelial cells vary with
transplantation site and environment, and the factors that control these
changes are not fully understood. Transplanting cultivated autologous oral
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mucosal epithelial sheets had different outcomes depending on the under-
lying disease. We must continue our exploration of cell biology, including
studying the cells in epithelial sheets and the relationship between the na-
ture of the cells and their environment.

Recently, our group has developed a novel technique for culturing oral

mucosal epithelial sheets using a feeder-free and serum-free culture sys-
tem. Using this new protocol, we obtained favourable results in non-clini-
cal studies®. A phase 3 clinical trial using the new culture protocol is cur-
rently being conducted.

5.3 Social challenges

Practical application of regenerative medicine requires a large investment
in facilities, including cell-culture facilities; however, companies cannot
expect to recoup their investments for rare diseases. Reducing visual im-
pairment can reduce social security expenses (e.g., by removing the need
for disability pensions) and increase the labour force, which greatly bene-
fits society. However, reduced social security expenses are not reflected in
corporate profits. Finding a balance between corporate profit and social
benefit is critical for determining which problems should be addressed.
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A tissue-engineering
approach to tympanic_
membrane regeneration

Shinichi Kanemaru
Translational Research Center for Medical Innovation, Foundation for Biomedical
Research and Innovation at Kobe, Japan

A new treatment has been developed by researchers associated with the Translational
Research Center for Medical Innovation (TRI) in Japan that involves stimulating tissue
stem cells or progenitor cells in order to repair perforations in the tympanic membrane.
This treatment is safer and easier to administer than currently available therapies. It
involves enlarging perforations and providing a gelatin sponge impregnated with basic
fibroblast growth factor as a substrate for new cells to grow on. The Japanese government
approved the treatment in August 2019, making it the first approved tissue-engineering
treatment in Japan for repairing perforations in the tympanic membrane.

1. INTRODUCTION
Regenerative medicine secks to harness the natural process of regeneration by inducing cells to
differentiate and proliferate so that they reconstruct irreversibly damaged tissues and organs.

A fundamental property of living organisms is their ability to restore damaged components. The
extent of restoration depends on the severity of the damage. In cases of fairly minor damage, tissues
or organs can spontancously heal through regeneration, being completely restored to their original
state. In more severe cases, healing may fail to restore the original state, resulting in deformation or
degeneration. The innate regenerative capacity also varies with the tissue or the organ. For example, even
when cut in half, the liver can regenerate to almost its original size within a few months. Regenerative
capacity also varies with species. For instance, newts and lizards can regrow severed tails and limbs.
Generally, tissues and organs with active cell division, and lower forms of life, have a high regenerative
capacity. Research into developmental processes and regeneration in various animal species has led to
the development of regenerative medicine, which seeks to find ways to restore tissues and organs to
their original state by promoting non-spontaneous regeneration.

Regenerative medicine has its origins in the artificial-organ research conducted in the 1950s, mainly in
Europe and the United States. Materials with a high affinity for tissues were studied and developed with
a view to implanting artificial organs in the body, a contrasting approach to ex vivo technologies such as
dialysis. This led to the emergence of the new medical field of tissue engineering'= (also called regenerative
medical engineering or regenerative tissue engineering). Combining medicine and engineering, tissue
engineering forms the basis of regenerative medicine. To regenerate tissues and organs the following three
elements need to be placed in a suitable environment: cells that provide the basis for tissue regeneration; a
scaffold to support cell differentiation and proliferation; and factors that regulate these processes (Fig. 1).
These three elements are known as the triad of tissue engineering. The development of regenerative medicine

Tissue Engineering Triad

Scaffold Cells

Regulatory factors

Good regenerative conditions

!

Regeneration of the tissue/organ

Figure 1. The tissue engineering triad.
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SUMMARY

A tympanic membrane
perforation is more than
simply a hole in the eardrum
— it causes or augments
hearing loss, significantly
reducing a patient’s

quality of life. Recent
studies have found that
hearing loss is one of the
major contributors to the
development of dementia.
In rapidly ageing countries,
such as Japan, the impact
of problems resulting

from communication
disorders should not be
underestimated. Advances
in tissue engineering

have delivered a major
breakthrough in the
treatments available: the
development of a therapy
involving the body’s
self-repair system (i.e.,
regenerative medicine).

The tympanic membrane
has a natural capacity to
regenerate. Elucidating

and understanding

the mechanism of this
regeneration has inspired
the development of a safer
and more convenient
therapy, which is amenable
to patients. This treatment
involves enlarging
perforations and providing a
gelatin sponge impregnated
with basic fibroblast growth
factor as a substrate for new
cells to grow on.
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Figure 2. Structure of tympanic membrane.
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has been undergirded by recent remarkable developments in fields such
as tissue engineering, molecular biology and developmental genetics, and
especially by huge advances in stem-cell research, including the generation
of induced pluripotent tissue stem cells or progenitor cells. These advances
have extended the range of cells that can be used and have found wide
application in the development of disease models and the discovery of
new drugs. However, clinical applications have been limited as there are
many unresolved issues, including medical, ethical and social ones, such as
the safety of cell transplantation, sources of tissue stem cells or progenitor
cells, and rejection reactions. Whether regenerative medicine will become a
major pillar of medical treatment in the future is still uncertain, but some
progress in regenerating tissues and organs has already been reported and
regenerative medicine is likely to significantly change clinical practice in
the near future.

Here, we describe the background and development of the
regenerative therapy for the tympanic membrane that we have
developed® and present clinical results from a preliminary single-centre
study and an investigator-initiated clinical study.

1.1 Structure of the tympanic membrane

The tympanic membrane is a very thin membrane located between
the outer and middle ear. It is 8 to 10 mm in diameter and shaped
like a funnel, with a concave region known as the umbo in its centre
(Fig. 2). The manubrium of the malleus, one of the auditory ossicles, is
attached to the tympanic cavity side. A fibrocartilage-like tissue called
the tympanic ring connects the outer edge of the tympanic membrane
to the external auditory canal bone. The membrane has a trilaminar
structure: an epithelial layer, which is continuous with the skin of
the external auditory canal; the lamina propria (the middle layer),
which consists of fibrous collagen tissue and which imparts strength
to the tympanic membrane; and the mucous membrane layer, which
is continuous with the mucous membrane of the tympanic cavity.
The tympanic membrane consists of two parts: the pars tensa and the
pars flaccida. The pars tensa has this trilaminar structure, but the pars
flaccida lacks the middle layer, making it susceptible to the impact of
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pressure in the middle ear. The nutrient vessels that supply the tympanic
membrane run in the lamina propria, and their numbers tend to
decrease with age. Many nutrient vessels are concentrated around the
tympanic ring and the manubrium of the malleus and the umbo in a
normal tympanic membrane.

1.2 Problems caused by perforation of the tympanic membrane

Not only is a perforated tympanic membrane unable to capture
sound sufficiently well for normal hearing, but also sound penetrates
the tympanic cavity through the perforation, enters the inner ear as
vibrational energy through the round window of the cochlea, and ascends
the cochlear floor from the bottom (cochlear basal turn) to the top
(cochlear apex). Sound entering by the normal route via the residual
tympanic membrane and the oval window ascends the scala vestibuli
from the bottom to the top through the oval window. When these two
vibrations collide with each other near the cochlear apex, energy is
rapidly attenuated because of cancellation, resulting in hearing loss. The
intelligibility of speech is also reduced, making it difficult to understand
spoken words¢. Patients with both presbycusis (age-related hearing loss)
and tympanic membrane perforations experience significant hearing
loss and may require a hearing aid depending on perforation size. A
hearing aid further increases the cancellation effect. Consequently,
while it amplifies the sound entering the ear, it does not improve
word recognition.

When there is a tympanic membrane perforation, the middle ear is
directly exposed to the outside via the external auditory canal. The resulting
susceptibility to infection can lead to otitis media. Changes in temperature
and pressure can damage the inner ear and cause dizziness, which leads to
sensorineural hearing loss over time. It is thus desirable to close membrane
perforations as much as possible to maintain a good conduction environment
in the middle ear and to prevent injury to the inner ear.

1.3 Causes of tympanic membrane perforations

According to the World Health Organization, chronic otitis media
affects up to 330 million patients worldwide?. Tympanic membrane

advances.tri-kobe.org/en



Tissue Engineering

perforations usually accompany chronic otitis media, but they can
also be caused by trauma, incision, tube placement in the tympanic
membrane, burns, radiotherapy and other causes. Thus, the number of
patients with tympanic membrane perforations is likely to exceed the
above number.

Perforations due to physical or mechanical injury generally heal by
themselves within three months in most patients8. Therefore, with the
exception of cases where skull fracture or other severe injuries have greatly
deformed the tympanic membrane, observation for at least six months
is standard first-line management for simple perforations caused by, for
example, a cotton bud, a slap in the face, or barotrauma due to rapid
pressure changes caused by a blast or air travel. In contrast, persistent
perforations following otitis media or tube placement in the tympanic
membrane as well as perforations caused by burns or radiotherapy often
require some surgical treatment.

1.4 Current treatment of tympanic membrane perforations

The current methods for closing perforations in the tympanic membrane
are primarily myringoplasty and tympanoplasty. For small perforations,
the surface may be covered with collagen and chitin membranes
after transforming the perforation edges into an open wound?.
Mpyringoplasty targets tympanic membrane perforations alone and is
performed in patients with a normal ossicular chain and who have no
inflammation, infection or lesions in their middle ear. Tympanoplasty
involves reconstructing the ossicular chain regardless of the presence of
a tympanic membrane perforation and is classified into types I-V based
on the severity of defects in the auditory ossicles. Type I tympanoplasty
is performed primarily on patients with a normal ossicular chain to
suppress inflammation, infection or lesions in the middle ear. In any
type of tympanoplasty, autologous tissue such as temporal fascia is
collected as material for reconstructing the tympanic membrane, and
the epithelial layer of the residual tympanic membrane is detached to
insert the autologous tissue between the epithelial layer and the fibrous
middle layer. Alternatively, the mucous membrane layer (the deepest
layer) around the perforation may be incised to adhere the autologous
tissue to the wound site. The tympanic membrane is closed when the
upper epithelial layer and the mucous membrane layer are extended
with the autologous tissue as the scaffold.

Tympanoplastic methods have high success rates because of the
strong affinity between tissues due to the use of autologous tissues
for reconstruction. However, tympanic membranes produced by
these procedures usually lack a normal middle layer because it is
harder to regenerate that fibrous layer than the other two layers in the
tympanic membrane. The transplanted autologous tissue may gradually
degenerate, resulting in a weak tympanic membrane that lacks a middle
layer. Alternatively, if it does not degenerate, a very thick tympanic
membrane may result. A mixture of these two patterns may occur. New
perforations at this site rarely close spontaneously.

If the ossicular chain is normal, hearing recovers to some extent after
closing the perforation, but perfect hearing with no air-bone gap is
hard to achieve because the conduction efficiency varies depending on
both the degree of contact with the malleus and the thickness of the
tympanic membrane. Incision of the postauricular skin and collection
of autologous tissue for reconstructing the tympanic membrane may
result in various sequelae, such as sensory loss and discomfort around
the auricle.

2. THE BIOLOGY AND NON-CLINICAL PROOFS OF CONCEPT
OF NEW TREATMENTS

2.1 Healing mechanism for tympanic membrane perforations

Since small perforations in healthy tympanic membranes caused by
trauma often heal, many studies have focused on this mechanism
for regenerating the membrane'®". Most of these studies are animal
experiments, and they have shown that the epithelial layer in the
trilaminar structure of the tympanic membrane extends first and
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Figure 3. Tympanic membrane that has healed spontaneously. The white arrow points to
a transparent area of tympanic membrane that has formed without the middle layer. No
nutrient vessels can be seen. The edge of the middle layer can be observed as a white
margin surrounding the transparent tympanic membrane.

that the two other layers then extend using the epithelial layer as the
scaffold'. Thus, each layer has a different rate of regeneration and a
different capacity to regenerate. The fibrous middle layer gives strength
and elasticity to the tympanic membrane, but it regenerates slower than
the epithelial layer above it and the mucous membrane layer beneath
it. Therefore, if the epithelial and mucous membrane layers, which
regenerate faster, adhere to each other in regions beyond the middle
layer, the fibrous layer will lack space to grow further and the perforation
will persist if regeneration of the epithelial and mucous membrane
layers stops at this point. If regeneration proceeds and the perforation
is closed, a fragile and transparent tympanic membrane will form that
lacks a fibrous layer (Fig. 3). The edge of the regenerated fibrous layer
turns white. A slight pressure change can then cause reperforation.

The tympanic membrane’s regenerative capacity indicates the
presence of tissue stem cells or progenitor cells in the membrane and its
surroundings. Indeed, animal experiments have shown that these cells
probably exist in the tympanic membrane ring and the malleus (umbo
and manubrium) and that injuring the membrane initiates their active
proliferation'*". Normally, these cells only support cell turnover in the
tympanic membrane, but an injury to the membrane appears to trigger
the repair system and initiate active reactions. However, these cells are
dormant in chronic tympanic membrane perforations. Thus, when the
tympanic membrane is injured, the regeneration mechanism is switched
on by the injury itself. However, if the regeneration environment is
unfavourable (as is the case in an infection and chronic inflammation)
or if the perforation is large, cell growth stops prematurely and
the perforation persists. It is thus critical to maintain a favourable
regeneration environment.

Observation of the natural course of tympanic membrane regeneration

indicates that it is necessary to:

*  promote growth of the fibrous middle layer of the membrane;

*  provide a scaffold on which each membrane layer can grow;

*  maintain a suitable regeneration environment that efficiently
promotes membrane regeneration.

2.2 Promoting growth of the fibrous middle layer of
the tympanic membrane
Various growth factors have been found for the fibrous middle layer of
the tympanic membrane, but few are suitable for clinical application.
Among those that are suitable, basic fibroblast growth factor (bFGF)
is already marketed as a drug product in Japan, and its use for treating
skin ulcers is covered by health insurance. bFGF directly affects cell
proliferation and blood vessel growth!®!”.

During regeneration of a normal tympanic membrane, it is essential
to maintain enough blood flow to support regeneration of the trilaminar
structure, particularly the fibrous middle layer, which regenerates very
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Collagen Gelatin sponge

Figure 4. Difference in density between collagen and gelatin sponge (electron
micrographs).

Two months
after regeneration therapy

Before regeneration

Figure 5. Observation of regenerated tympanic membrane. A regenerated tympanic
membrane with the appearance of frosted glass and numerous capillaries two months
after tympanic membrane regeneration therapy, indicating that the middle layer has
regenerated. The white arrow points to the remaining gelatin sponge.

slowly. bFGF is therefore ideal as it directly affects the growth of
fibroblasts essential for regenerating the fibrous layer' and also induces
blood vessels to supply nutrients to the surrounding tissues.

2.3 Providing a scaffold on which each tympanic membrane layer
can grow
In tissue regeneration, selection of a scaffold for cell growth is critical. A
scaffold needs to have a high tissue affinity and be able to be eliminated
by absorption or degradation after serving as a scaffold.

Our tympanic membrane regeneration therapy involves impregnating
a bioabsorbable scaffold material with the growth factor, placing it
within the tympanic membrane defect and fixing it with a bioadhesive
glue. We selected gelatin sponge as the scaffold material for regenerating
the tympanic membrane. Its primary component is the triple-helical
structure of collagen molecules uncoiled by heat denaturation. When a
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Figure 6. Steps involved in tympanic membrane regeneration therapy. 1. Infiltration
anesthesia of the remaining tympanic membrane and the tympanic membrane perforation
edge with a 4% lidocaine swab; 2. Transformation of the tympanic membrane edge into
an open wound; 3, 4. Placement of b-FGF-impregnated gelatin sponge; 5. Covering the
b-FGF-impregnated gelatin sponge with fibrin glue; 6. Removal of the crust three weeks
after treatment.

liquid is added, it becomes a free-shaped pliable mass and has a much
looser structure than collagen (Fig. 4). Gelatin sponge is hydrolyzed and
eliminated from the body within 1 month'?, although it may take a
few months to eliminate it from the tympanic membrane because the
tympanic cavity contains air and is not in living tissue.

Our therapy differs from many conventional ones in that it uses
free-shaped gelatin sponge as a scaffold. Conventional therapies repair
defects in the tympanic membrane by extending the surrounding tissues
along the inner and outer surfaces of the sheet-like scaffold material
glued to the portion of the tympanic membrane with the defect. If the
membrane perforation is small and the entire defective portion is flat, it
can be effectively repaired by conventional methods. If the defect is larger
however, it is difficult to cover the entire defective portion with a flat sheet
of material because of the complicated shape of the tympanic membrane
and the auditory ossicle attached to it. If the defective portion cannot be
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Figure 7. Tympanic membrane regeneration in a 65-year-old woman who had chronic
otitis media for 30 years. 1, Before regeneration treatment; 2, transformation of the
tympanic membrane perforation edge into an open wound; 3, placement of b-FGF-
impregnated gelatin sponge and covering with fibrin glue; 4, regenerated tympanic
membrane and remaining gelatin sponge in the tympanic cavity 3 weeks after treatment;

5,6, the gelatin sponge in the tympanic cavity is eliminated, and numerous capillaries
are observed in the regenerated tympanic membrane 4 months after treatment.

completely covered, the tympanic membrane cannot be repaired withouta
scaffold, or the membrane may fuse with the surrounding tissue, resulting
in sequelae. In fact, if the tympanic membrane defect exceeds a certain
size or if part of the auditory ossicle is affected, conventional therapies
will fail to repair the perforation because the scaffold cannot cover the
entire defect.

In contrast, gelatin sponge can easily cover an entire defect regardless
how complex its shape is. And it is effective even for defects that span
the entire tympanic membrane. This scaffold material has enabled the
successful regeneration of a tympanic membrane with large perforations
and virtually no residual membrane?'. Gelatin sponge can also release
bFGF in a sustained manner?, which is advantageous for tympanic
membrane regeneration.

Observation of a patient whose tympanic membrane had been
completely regenerated by this therapy (Fig. 5) reveals that part of
the gelatin sponge remains inside the tympanic membrane (in the
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tympanic cavity), and the gelatin sponge on the outside (in the external
auditory canal) has separated as a crust. This indicates that the regenerated
tympanic membrane grows through the inside of the very loose open
structure of the gelatin sponge (Fig. 4), which shows that the therapy
is based on a different concept from that of conventional tympanic
membrane regeneration. Tissues do not regenerate through the inside
of a dense scaffold, such as the sheet-like collagen membrane used in
conventional therapy, but rather grow along the surface of the scaffold.
But because a loosely structured scaffold such as gelatin sponge does not
interfere with the expansion of cells, regenerative cells can pass through
the inside of the loose structure to repair the tympanic membrane.

2.4 Maintaining a favourable regeneration environment

For tissue regeneration to occur, the conditions must be suitable for
in vivo cell culture. In our therapy, the scaffold is fixed in place for a
certain time by dripping fibrin glue onto it and thereby covering the
surface of the gelatin sponge with a fibrin membrane. The inside of the
gelatin sponge is kept moist to isolate the culture environment from
the outside.

3. TREATMENT PROCEDURE

Tympanic membrane regenerative therapy is based on the concept
of in situ tissue engineering. The tissue engineering elements used
are endogenous tissue stem cells or progenitor cells, gelatin sponge
(Spongel®, Astellas Pharma Inc., Tokyo, Japan) as a scaffold and basic
bFGF (Fiblast®, Kaken Pharma Co., Ltd, Tokyo, Japan) as a regulatory
factor. A fibrin glue (Bolheal®, Chemo-Sero-Therapeutic Research
Institute [Kaketsuken], Kumamoto, Japan; Beriplast®, CSL Behring
K.K., Tokyo, Japan) is also used to prepare a favourable regeneration
environment. Cells are not transplanted in this environment; rather
the edge of the tympanic membrane perforation is made into an open
wound, which activates dormant endogenous tissue stem cells or
progenitor cells.

Figure 6 shows the steps involved in the therapy. To anaesthetize
the external auditory canal, including the residual tympanic membrane
around the perforation and its surroundings, a swab impregnated with
4% lidocaine is inserted and kept in place for 15-20 minutes. The edge
of the tympanic membrane perforation is then transformed into an open
wound using a myringotomy knife or a Rosen probe. At this point,
the circumferential edges of all three layers of the tympanic membrane
are exposed.

Gelatin sponge impregnated with bFGF is then trimmed to fit
the size of the tympanic membrane perforation and placed between
the tympanic cavity and the external auditory canal. It is important
to place sufficient sponge pieces to sandwich the residual tympanic
membrane from both the tympanic cavity side and the external auditory
canal side, so that the gelatin sponge is in complete contact with the
whole tympanic membrane perforation edge and there are no gaps.
Finally, a few drops of a fibrin glue are dripped from a syringe to cover
and stick to the entire gelatin sponge. After three weeks, the wound
crust is removed from the upper surface of the tympanic membrane
to check for regeneration. If the crust adheres to the surface, it may
be removed by inserting a swab impregnated with 4% lidocaine from
the external auditory canal for 15-20 minutes. If complete regeneration
does not occur after the first treatment, the treatment may be repeated
after removing the gelatin sponge retained in the tympanic cavity or the
external auditory canal. Retreatment should be limited to four attemprts,
as clinical experience has shown that the probability of regenerating
the tympanic membrane is very low beyond the fourth treatment. If
otorrhea due to infection or inflammation is observed after regeneration
treatment, further treatments are suspended, and oral or eardrop
antibiotic therapy is initiated to suppress inflammation and otorrhea.
Treatment is resumed after adequate healing (which may be several
months). There may be allergic reactions to gelatin sponge, bFGE, or
fibrin glue in rare cases.
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Classification of Grade | Grade Il Grade llI
TM perforation by size (N = 85) (N =83) (N = 64)
TM perforation closure rate [%19/280?] [%2/78?] [Z%/%Zf]
Hearing improvement 91dB 124 dB 16.3 dB
(three-frequency average) : : :
Chole 1 3 5
Major AEs  TO 8 14 13
DTM 4 8 7

Grade |, perforation occupying < 1/3 of the TM; Grade Il, perforation occupying 1/3-2/3 of
the TM; Grade III, perforation occupying > 2/3 of the TM

TM, tympanic membrane; AEs, adverse events; Chole, cholesteatoma; TO, transient otor-
rhea; DTM, depressed TM

Table 1. Results of preliminary single-centre study of tympanic membrane regeneration
therapy

4. CLINICAL RESULTS
4.1 Preliminary single-centre study
4.1.1 Selection of patients and materials
This new therapy was approved by the institutional review board of
Kanai Hospital in Kyoto. And patients were limited to those who fully
understood the procedure and agreed to pursue this new treatment
by signing informed consent documents. To examine the efficacy and
safety of tympanic membrane regenerative therapy in a clinical setting,
we first conducted a single-centre preliminary study. This involved
218 patients (232 cars) with tympanic membrane perforations and
no confirmed active infection or inflammation in the middle or outer
car. The causes of tympanic membrane perforations were chronic otitis
media (7 = 136), old traumatic tympanic membrane perforations (7
= 42), persistent perforations after tympanic membrane incision or
tympanic membrane tube placement due to exudative otitis media (7
= 26), reperforations after closure of tympanic membrane perforations
or tympanoplasty (z = 15), burns (7 = 4), post-irradiation (7 = 3) and
unknown (7 = 6). The male/female ratio was 101:117. Patients ranged
from 8 to 91 years of age.

Patients were divided into three groups according to perforation size.
Perforations occupying less than 1/3, 1/3 to 2/3 and more than 2/3 of the
tympanic membrane were classified as grades I, IT and III, respectively.

4.1.2 Treatment method

The treatment procedures are described above. After treatment, patients
were instructed not to apply pressure to the ear by strong sniffing or nose
blowing, to use caution when washing their hair or having a bath so that
water would not enter the affected ear and to visit the outpatient clinic
3 weeks after surgery.

4.1.3 Assessment

The success of perforation closure was assessed according to the size of
the perforation, the number of treatments required for closure and the
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Figure 8. Tympanic membrane regeneration rate and number of treatments required
for regeneration in preliminary study. The tympanic membrane regeneration rate after
a maximum of four treatments was 81% (189/232 ears), and 82% of tympanic membrane
regenerations were achieved with two or fewer treatments.

degree of hearing improvement three months after the final treatment.
Occurrences of adverse events were recorded.

4.1.4 Results

Table 1 shows the results, while Fig. 7 shows an example of regeneration.
Overall, the tympanic membrane perforation closure rate (189/232
cars) was 81%, and favourable hearing improvement was achieved
with a small air-bone gap. Of the 189 ears with successful tympanic
membrane regeneration, 80% or more had perforation closure with
two or fewer treatments (Fig. 8). The most common adverse event
was transient otorrhea (35/232 ears, 15.1%). Some cases of depressed
tympanic membrane (19/232 ears, 8.2%) required tympanic membrane
incision (5/232 ears, 2.2%). Additionally, cholesteatoma (9/232 ears,
3.9%) occurred under the epithelium of the tympanic membrane, but
all lesions could be removed with a probe.

Regeneration is difficult if the tympanic membrane ring or the malleus
has been lost during tympanoplasty or by other causes. Regeneration
was successful in some patients with the tympanic membrane ring and
the malleus conserved in tympanoplasty, and the regeneration rate
(4/15 ears) was only 26.7%. No regeneration occurred in membrane
perforations caused by burns or radiotherapy. These results suggest that
tissue stem cells or progenitor cells may have been eliminated in these
patients. Reperforation occurred in four patients (1.7%, 4/232 cars)
during the three-month observation period, and all these perforations
were about the size of a pin hole.

5. INDICATIONS FOR TYMPANIC MEMBRANE REGENERATION
5.1 Exclusion criteria for tympanic membrane regeneration

Only 20-30% of patients with perforations meet the eligibility criteria
for tympanic membrane regeneration. Finding ways to increase the
number of eligible patients in the future is thus important. The exclusion
criteria for receiving tympanic membrane regenerative therapy shown
below are based on the results of previous clinical studies:
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Figure 9. Tympanic membrane regeneration in a 39-year-old woman with chronic otitis media. Fibrescope images (1, 2) before treatment and (3) two months after treatment. The patient
had otorrhea and calcification in the remaining tympanic membrane (black arrows). The perforation edge could not be directly observed microscopically because of the extension of the
anterior and lower walls of the external auditory canal [white arrows). Regeneration treatment was performed after washing the inside of the tympanic cavity and removing the calcified
remaining tympanic membrane endoscopically. The regenerated tympanic membrane is virtually normal without calcification 2 months after treatment.

1. The patient has active infection or inflammation in the tympanic
cavity or the external auditory canal as well as otorrhea.

2. The tympanic membrane, tympanic cavity and external auditory
canal are not dry, or advanced calcification is observed in the
residual tympanic membrane.

3. High-resolution computed tomography of the temporal bone
shows a soft tissue shadow in the tympanic cavity or the
mastoid cavity.

4. The patient has a history of middle-ear surgery such as
tympanoplasty or myringoplasty.

5. The tympanic membrane perforation was caused by radiation
or burns.

6. The normal structure of the middle ear is lost (including loss
of the tympanic membrane ring and fusion of the residual
tympanic membrane).

7. The edge of the perforation cannot be directly observed using
microscopy because of a narrow external auditory canal.

These criteria can be divided into three categories. Criteria 1, 2 and 3
represent a poor regeneration environment; criteria 4, 5 and 6 represent a
partial or total lack of tissue stem cells or progenitor cells supporting tympanic
membrane regeneration; and criterion 7 represents a condition where the
entire circumferential edge of the perforation cannot be transformed into an
open wound because of the narrow external auditory canal.

5.2 Expansion of indications

Among the exclusion criteria, a lack of tissue stem cells or progenitor cells
presents the most difficulties for regeneration, and co-transplantation of
cells with the scaffold is the only conceivable regeneration method. For
criteria 1, 2 and 3, tympanic membrane regeneration can be performed
if the regeneration environment is improved. For criterion 7, where the
perforation edge cannot be directly observed by microscopy because of
a narrow external auditory canal, tympanic membrane regeneration can
be performed endoscopically if an endoscope can be used to observe
the entire tympanic membrane and perform treatment. If observation
and treatment are still difficult, tympanic membrane regeneration may
be performed after expansion of the external auditory canal. All these
solutions are more straightforward than those for criteria 4, 5 and 6.
Where a soft tissue shadow is present in the tympanic or mastoid cavity
(criterion 3), such lesions usually need to be removed by opening and
drilling the bone using a procedure such as tympanomastoidectomy. In
conditions corresponding to criterion 6, a significant loss of middle-ear
structure and large displacement of the residual tympanic membrane
due to adhesive otitis media make regeneration very difficult.
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5.3 Improving the regeneration environment before regeneration

If the inside of the ear is wet during the inactive phase of chronic otitis
media or the patient has active infection or inflammation and otorrhea
that is considered to be acute exacerbation of chronic otitis media, but
meets other eligibility criteria, conservative treatment is first performed
with oral antibiotics and eardrops, and followed up for one to two
months. When inflammation has been suppressed, the tympanic cavity is
washed repeatedly in the operating room, mucus in the tympanic cavity is
completely removed with a swab, and the patient continues with tympanic
membrane regenerative therapy. This method resulted in a tympanic
membrane regeneration rate of 70-80% in our patients (Fig. 9)*'.

For patients with advanced calcification or ectopic ossification in
the residual tympanic membrane or epithelial invasion (cholesteatoma)
into the back of the tympanic membrane, all the residual tympanic
membrane is removed before regeneration (Fig. 9).

For patients with a lesion in the tympanic cavity, mainly cholesteatoma
or tumour confined to the tympanic cavity, the cholesteatoma or
tumour is removed before starting membrane regeneration. The lesion
may be removed microscopically or endoscopically, but the inside of the
tympanic cavity must be observed endoscopically after removal to check
whether there is any remaining lesion. Among cases of cholesteatoma
confined to the tympanic cavity, congenital cholesteatoma is most
suitable for regeneration treatment. Among tumours, glomus
tympanicum tumours are suitable. The membrane regeneration rate is
very high among patients with these conditions, being 95% or higher
in our patients®!.

5.4 Expansion of the external auditory canal
Many patients have a narrow external auditory canal. The external auditory
canal has a tubular structure 30-35 mm long and 10 mm in diameter.
The proximal half from the entrance of the external auditory canal is the
cartilaginous portion, and the distal half is the bone portion. Although
there are some differences in shape between adults and children, the section
connecting the cartilaginous portion and the bone portion has a slight
bend (Fig. 2). In many patients with a narrow external auditory canal,
the edge of the perforation cannot be directly observed microscopically
because of an extension of the bone portion. The perforation edge can be
transformed into an open wound by using an endoscope in most patients.
However, because surgical instruments cannot be inserted together with
an endoscope into an ear with a very long extension of the bone portion,
the external auditory canal needs to be expanded.

To expand the external auditory canal, incisions are made on the luminal
surface of the narrow lesion of the external auditory canal longitudinally
and perpendicularly to it, in order to peel back part of the soft tissue on the
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surface and expose the surface of the extended bone. This is removed with
a diamond bur, and the surface is smoothed. The external auditory canal is
expanded until the edge of the perforation can be sufficiently well observed
for regeneration treatment. The detached soft tissue of the external auditory
canal is replaced, and bFGF-impregnated gelatin sponge pieces used for
tympanic membrane regeneration are placed around the exposed bone
and fixed with fibrin glue. If the bone is exposed over a wide area, gelatin
sponge is used to fill the external auditory canal and fixed with fibrin glue.
The entire auricle is covered and sealed with medical film. The filled gelatin
sponge is removed after three weeks. The soft tissue of the external auditory
canal and the tympanic membrane can both be regenerated simultaneously
using this method**%.

6. FUTURE PROSPECTS

6.1 Prospects and issues for chronic otitis media

The primary goal of tympanic membrane regeneration is to restore ideal
hearing with no air-bone gap by minimally invasive surgery. There
are several advantages of closing the tympanic membrane, including
improved hearing, relief of discomfort, prevention of otitis media and,
in the longer term, protection of the middle and inner ear. However,
hearing is not only affected by tympanic membrane perforations,
but also by complex factors relating to other structures in the middle
and inner ear and to the retrocochlear region and the central nervous
system. For example, if tympanic membrane regeneration is performed
in patients with a perforation and a poorly functioning eustachian tube
due to poor growth of mastoid air cells, depression of the tympanic
membrane and exudative otitis media may occur, because the middle ear
pressure, which was regulated via the perforation, is no longer regulated,
and hearing recovery may be inadequate.

As tympanic membrane perforations are mainly caused by chronic otitis
media, eligibility for membrane regeneration is most critical for patients with
this condition. Many patients with chronic otitis media have lesions in the
mastoid cavity as well as in the tympanic cavity. A combination of tympanic
membrane regeneration and conventional tympanomastoidectomy is
recommended for patients with lesions in both cavities. To establish adequate
communication between the tympanic and mastoid cavities, the lesions in
both cavities are removed by procedures such as tympanomastoidectomy.
Membrane regenerative therapy, rather than the usual autologous tissue
transplantation, is performed to reconstruct the tympanic membrane.
However, to allow for tympanic membrane regeneration, it is essential
not to injure the tympanic membrane ring when detaching all tympanic
membrane layers in order to retain tissue stem or progenitor cells and to
retain the residual tympanic membrane attached to the malleus, and the
umbo and manubrium!>'¢. This therapy is suitable for only certain patients,
and it requires a high level of surgical skill. In addition, otitis media with
cholesteatoma will reoccur if the mechanisms are not improved that reduce
pressure in the middle ear, since impaired middle ear gas exchange leads to
depression of the upper tympanic cavity and the formation of cholesteatoma.
Because adhesive otitis media is also caused by reduced pressure in the
middle ear, a simple combination of tympanomastoidectomy and tympanic
membrane regeneration cannot cure the disease completely. Poor mastoid
cell growth leads to a poorly functioning eustachian tube. They facilitate
middle ear gas exchange in a complementary way. Therefore, regeneration
of mastoid air cells may be needed in combination with these procedures to
improve middle ear gas exchange?*.

6.2 Prospects and issues for patients lacking tissue stem cells or
progenitor cells

Regeneration is most difficult when tissue stem cells or progenitor cells are
not present. Obrtaining tissue stem cells or progenitor cells is hence a vital
issue. We previously reported that these cells are present in the tympanic
membrane ring and the malleus (umbo and manubrium)'>'. Both the
tympanic membrane ring and the malleus are essential to regenerate the
tympanic membrane with a complex shape. One method uses the tympanic
membrane ring and tympanic membrane, including the malleus, from
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a cadaver as a scaffold. It involves decellularizing, removing antigens,
culturing autologous mesenchymal tissue stem cells or progenitor cells and
transplanting these cells together with the scaffold. In this method, the
question of whether to perform partial or full transplantation needs to be
considered for each patient, but the method can be used in combination
with tympanoplasty because the tympanic membrane and the auditory
ossicle do not vary greatly in size between individuals.

6.3 Prospects for tympanic membrane regeneration
Otologic surgeries, such as common myringoplasty, require a fully
equipped operating room and a wide variety of surgical instruments and
are usually performed under general anesthesia. In addition to incision
of the postauricular skin and collection of autologous tissues such as
temporal fascia, these surgeries require multistep surgical procedures
such as detaching the external auditory canal, opening and drilling
the bone, raising the epithelial layer of the tympanic membrane,
transforming the perforation edge into an open wound, transplanting the
temporal fascia and tamponing. At least 1 hour of surgery is required. In
addition, patients need to rest in bed and limit daily activities to prevent
infection and displacement of the transplanted fascia. An even bigger
challenge is training surgeons well enough to perform these otologic
surgeries, because training takes a long time and requires the input of
senior surgeons. In contrast, tympanic membrane regenerative therapy
for a simple perforation involves only transforming the perforation edge
into an open wound and placing the gelatin sponge. Treatment takes
only about 15 minutes. Treatment can be performed on a chair or a
cot bed in an outpatient setting, and only a few types of instrument are
needed, including a simple microscope or endoscope. Hospitalization
or bed rest is unnecessary after surgery, and patients need to visit the
clinic for a checkup only once every three or four weeks after treatment.
Physicians can be quickly trained in this therapy because the treatment
is very simple and non-invasive compared with conventional surgical
procedures. This therapy costs only a fraction of tympanic membrane
regenerative therapy combined with myringoplasty. As well as being cost
effective, tympanic membrane regenerative therapy realizes closure of
the tympanic membrane perforation for a similar percentage of patients
as conventional surgeries, while it achieves far better hearing.
Convenience and low cost are great advantages in developing
countries, where the therapy is needed most by young patients. In
developed countries, the therapy will lower the psychological hurdle
for middle-aged and senior patients who have given up on treatment
for tympanic membrane perforations and, in addition to improving
hearing, it will reduce the risks of dementia due to hearing loss.
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RE) TRIVNEEZTENTERN>HEKTH S, & L.
R HR T O ERRZEIN T UEE O EFIC K 2 PUFIEER O 7= 8
ICHFREREMNEIE LTz D72 &9 % & | MR OJRRe FRIC B
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T 2 MEHIOBER Z IRAMICE ZH T BN D 20 E LR,
b b, A DIFEZEH SV IE T TITBEATREL B>
TV, FECEGISER L THB 5T, E2HEON]
REMED > TV B Ik & WA 5 T Licx %,

MR . PURIECER 7 R b — ZMHIER M ©
EMICE PRI IR DR HNC B 5 A A > F v FIVICHE
HAFR LT, AR OBUEMEICR B2 RIE TR L, EEREEAME
iz ED %, HIZ1E BDNF (&, 411 Y LF ¥ /L0 kinetics
ZZALERT, FRILIBEENTL - THB) AL M - B2 o D RF I
ZEAERZ I LICKD MROBENZZEEZN. Th
SEIVBLNVDEDD THRRICKEC 221t TH 5, 97
5. BDNF AHEFUCENE L TR I U RIS, o bl
EBWNLIT S, BDNF E &z, ¥ F S RICBT % iR sEwh
RICOEHEGE 2 NIT T, BREZFIICH D NTaRRh R,
DX SHRERERTOERICK D EEK S TRV e D
DFERER RG> TV IRl OREZ | 5727 Uik
SEEHNENS,

% 7z. BDNF (3 EHED K-Cl ik kDTG EZ [H1fE X . GABA
OIFF 7z M58 & 8% T LI K D spasticity ZIFREE 5 2 &M
bho T3, EBE, spasticity Ok, BAEEZEH LA
RBENTz, TOX D GBI ST AU, MFREREOVEHENL
RSSO RCIRET 2D TIE IR K - B8 - MRk
DOBREZREMNCHEI Y 5. L EATIE S NI Vvohe Lh
T, TORTRE. FHEIC K2 28R EDHICHE > TS,

1.3.4 1fiEHE & BBB &1k
MSC IZ X ZiGHEOZNRD 1 DI, MEHHEIC X B BafiikoH
E@HHB 0%, THhUTE 28O DRFEA DD, 1 D1, ke
FEJRFTIC SRS L 72 MSC Y vascular endothelial growth factor
(VEGF) % angiopoietin @ & 5 7 E#HT LR 172 77w L CIE
WEZFET 5L TH. £ 1D, BREENiz MSC A
MBI ML L TR RIME 2P T % T & TH % #iki
BEONEHIIED S B O 90%d R A KT, FFH—Hifah
KDOEDIFH 10% TH 2, Bz HoTzFc ORREFLORS
RIC KB &, 5 OMEFAEIC K B BEIMTRD [FIE XA
1 ERIFREE CHF IR 20 Y, BRIIUC BT, B 1
BRI CRRMROSEMN R EN TN D %

MSC DIfiEICH T 2/ & LTid. 15 L7 BBB Z&1E T
T LLEREN TV D, B THIVMETHN, HIGHEA
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Z[H 9 BBB I EE NS, #HEL/ZBBB & 1 W HRE T,
b B EIE T 20, EEOHIZE T, BHEHIcB N TE
ITIIEE NG HREDE P ORI BB 2 5.2
Bl T0B T ML 72, EIRMICIRG L7z MSC Y, T
NI T % BBB ZE1E L. I R 2 I8 9 5 2 LM
BmENTVG 1785,

1.3.5 pfg A

MSC IZ X Z1BFOMPICIE. MRFFAEDRE S LT3 & HER
INTVE, TNICE 2D DBEFLEZALNS, 1 DIE
v 5 258 J5) T S L 72 MSC 08 N TR D iR 6 2E 2 i ot L
TWVW5ZETHH, £ 1DEBEINEZMSCHED
MR = 2 —a > - JU TN E ML TWE T LT
B % 1011 11020202829363T g fe - BEESE I D MRS K B
PR, B3RO sprouting R FAEDIEHERR & B TS &
NTN3 283z S, fRRFEE V- T, TEIE
RLN)VTOFED, ZEBICRHT > T05EEZLNEDT
b5,

1.3.6 HHEMFER 2RO FA:

MSC (ZIBERATOEEZ7HET 2130, BEREE S5icidst
DO IEH MO A Z TS TR L EHIHL TS 95,
BT, UNEBYTF— 3 v EDMBEDE T, (ERN RS
N5TEBHALTETVE, TOXK I ITHDOBEREOMFED
X, BATRATOEZ T Tldie < . PR A OTH
EHWEETHD, ZOATIE. TSRS %D Tldix
LEIRNICHRE G U CHIRMHIER 2RI TE e 5 T LY
F LU,

1.4 ke @ A CiiEh > SRR »

fhDwRHfE & [FARIC. MSCIZERINFBAL- PR /T iAIC & > T
b9 %, BIZIE, [ CHEEE 2 G Lidha T, ki
I7E (FBS) ZMWWchit & H gz Hvica & Tld, Ml
N EWPANC 2 < DRUCTHED R Sl E H>TLX S H
CUETHAIUL TV A Vs & OERYEDWEY A7 2 1%
WMEND LV TFEAH O, ZOMICE, HAMETHEL
7513 FBS THEER LT L LENT. K AR biiRiglc
Rz, B FRRLLGELTED ., X7z, B &g
EDOR N DB %,
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BRTORBIENT 21T &, € FOAQMETHEI N
MSC Tid, 7 K b— A%z 9 % angiopoietin-like 4 DFEHL
M EF LT, ZTOMFBHTIGENIIHIE NS D, T LT,
FBS THi#E E N7z MSC Tld. growth arrest-specific protein 1
*® anti-proliferative protein 1 OFEEIAHIANL . HIFHHE DMK
TR ehbhB ¥,

A T FBS TIEMERANDIMEN K DL, Bl Z I3 FBS T
g NIl T, SO MEICBfRT 58 5F
(cytokine-receptor-like factor 1. transmembrane glycoprotein
NMB). HEHARINENDHEICBEfR T %85 (leptin receptor,
inhibitor of DNA binding 4. members of the complement
system)., REMIINDMEICEIRY B85 (extracellular
matrix gene. cytokine receptor-like factor 1. leptin receptor,
ectonucleotide pyrophosphatase/phosphodiesterase 2,
transforming growth factor- 3. SMAD6, OLF1/EBF-associated
zinc finger gene) DHBMNEHNT EDHER TN TS P,

e, FBS 2 LB E LT, Sz 27 HO
EAIC K22 ME X CEFEEORERISIND % o SFEIME T
#L7zt b MSC (10° M) =ML 7zHa. #7 ~30mg D
ARG 2 2SN RA FCA DAL T EMDN>TED,
C ORI HEIC LB EERREAMREENTVS %,

1.5 ARSI AID

H MSC &, Bi#IC 1 ~ 2 HMREZE T 72, BEDR
BUSHIS T B Te DD LRDBETH % FIASHINL N> 7 TH
%, HCOHEE MSC & 10 L R b Te 2 RO HHS (R 7D AT
RECTH B, —BIEMEMAEFOR TS AV EHNEZE DT
fREECR LTI, TDMSC 2, H5H UG - B - 1l
RIEFL T T E T, MMZEEER., BoNIciRG 22 LD
AlREL 75 %

o, BIELTH S MSC DIEEZTTDRFNULE SRV
B3 2PN I & CIMARHIRR D X X — D22 5
ETBWT, TOMICHET 55 L, 1ERDIGHEEL L DA S
HTLEALNS,

—J7. M5 MSC 7% 5 BRI ORI EHE T E 2 L DD,
SRR SOG &V S B DO ERARENE T TL %, i
DR TH 5 T lOEIELICE, MifaZkim oo MHC 28 T
Mo T MifdsZ2AMA /CD3 HAERICHT G L. [RIRFICHE 70+
ZAr LTl 7 IV BT %, MSC &, HLA 75 A
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[ & T OWHFL L TESE7S T (CD40 *° CD59). intercellular

adhesion molecule (ICAM) -1, ICAM-2, ICAM-3, vascular
adhesion molecule (VCAM) -1 7 ENGFHETH 5728, 17,
PRI AR & 750 5 Bl D TH 2, 5, MSCIEH
FHRRIC R A S DERNTHMET 20, 2O, TN b OFUHEIER
DTORENESICEE B2, ik MSC B3 2551
TEIHEROHADNATH S EEZBNS, L LENS,
TP IIHROEIN S b CICBRIANGRWERZEZ 22 L. 2D
FHIZEDDTRENZEDICEL B2 2TV EEbNS,
T, e ZREMIRIERZHH L LTE, thEkBMIEE
FIA K DRI S 2 T EHIHL TV 5, & B, sk
MSC Z KBICAF I 2 FEe. Zet-omBEOHR, HEIC
9 % MG OREE R LN R 5%, TOXI I,
fthzk MSC 2 55313 B MSC BHEM £ 5 L THEH
W RRICIR S 52 A9, Mifild B & MSC 2 Wz i
ERENEATST 2 L b5,

1.6 $¢5- 151k

HMIlBEO A, 4 E Tl ORI 21 59 2 LW S Rkt
Z. TCEERT 208N B, IS, L ORIIIA 100%
M LXNC B LT 5 LIRS T, BUERLE R
LTWAZERBETNETH S, H I, I XTOMM
MEZTVE DI TR, % DIEMMIDE AT 5N
T0e LIehi-o T, #RRFE R BN Z 105 8T 208
Ndb, o, BIRNKG EFIRNIZE L TR, IBREAIRIC
TFEENTNT L EETRRA Y FTHD. INHDT ex
ZEI 2 L. MSC ZIMENNREG T 3581, 8ETHs
REEE 7R < B L AEREDIE 5 WL & BEI RO 5 7%
RTE2 LBbNnd, HENRGOEE. RN EOH
TR NEWVSFEDD 2T, IR\ DOERRIE
<L Elzo, MEFEBANFEXI B2 e NETH S, Tz, Bl
Ju—lc7uy IS 556 LN G275 T Ll
TERW,

FAIC & o THEERICEN BT 255, & FORIERE
B INEh & L U T nie D KE W28 ZEOEIADFE AN
RELRBH, FRUCE B> T, M, BYYE, 54518
BDOV AT D EE S, MKO L EYIEBERMNZIRET 55
PR 75 AR N 0,

DlL7ziadsde, HEET 23U LN Z 0D,
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L2, cell delivery, Z—7 w71 > 7, I6F0E. WM.
NELEH7R E DR B RN G R B O E/51LTH % &
FEZABN%,

1.7 5Ot

A DRI OFERN S Tz AR FHEFN UM > T
W5, MSC Bhl 2321 - B2 SR 5 O BERERITE . — M 7x
IFESED AR S LE —BT % LIRS AT &b
Mmotee HlZIE, MSC BAHIETRIC, PUBARRY DR D — B
s UTRERISR. _FRE D5e 2t Ik R S G U T e B
S5Nlz, MSCHMORFIE, FH—HifdL R A Mifaic X %
JBORF & B E N, ZRRIEMERA AN Z XA LN A N A7
FEEIC WA WA RREFTIEH T 2 2 LR TH 5. Ko T
SRIOEFRZE TH BN K 5 I RO RIEER & 13875 %
EfEfEZ R LIcEEZBND, TDD hRZFHET % Hi
TR IREORE, UNEY T— 3 YO ASTiE. HEE %
E. TETEBMTHMADRLETH 5,

CTNE TOMZEH ORI /5L HREIE TH S NS HEHE
EOWZBRL, ZNTHRONET—2 2 LIRES N
EDMEZ, ZDTz8, HERDMEFE & I3 E R % MSC #AEIC X
2R EEIEORMICIE, FRICE R TERNnEEZILN
%o LIEho T, ZDEWA N Z A LEERE L IIBERORED
WETH S, MSCBAHHIC I 2 [EIHEIE. D VESHATTO
EEL IR TE LEZ5NEDO T, ZTORERESE X D FElic
I T E B LR L T RBBENDHZDTH %, DR,
SRITIEfRNT S E R E VTR LN REINE T — X 7%
HWZ0E 1 DOAETHS EEZ TN D, L LRERINIC
. R BRI 9 2 O Tl 7a < | BIf#ICIT 2 % a1k
ML 2% THA D,

—H, UNCYTF—2a YONAFEICBNTE, MSCH
FEDIEREN R X D F6d 5 101X, Z DGO RZE D HHE L
ZEZBN5, IGHFEED S MO EAEMNET O B AL
Llcbiz> T FF—Hifaomitfifg Dbk X o
TEPE( LA E | R R EE O FIREEREC C 20 AR (1S D PR SR
O DRI EHEX B B A, MSC Bilic 1)
ZUNEYTF—y g VicIffE NS BEEAEE & b, i
FREEEDOFHEFIC ED K S HITHENRE TH % M e BHFO T
ERFT TR EBIO ANTHE L T B ELH S, H
BEE U T AR a1 72 (R HRYS U A [z 1509 2 L VR
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FLlpn, BT L EERECSHEDKYIR R AV Mk
T %EEZADBNS,
THIUNBY T— 3 Y RRICET % BEREDETEE
THREINS, 5% TOHBRER. FEHEE NI MO HE AR
EVIHELFTEDESTVEEZDE LI, HERHILE R~
HET LT ZEDTHD . PAEHIHER FEHEREEZ T 1 Lsh
5. BIFHREZ IR AIRICIGA L. B D RWHEIXHiZE RS T
O, HEAEEEEOEGZK > T W0 8D TH - 7z,
BITRED XD @O HEEOZERICIE, FRIFHREN EOREED &
DN RKELHEE Lz, Lh L, MSC BAEIC X 5 PR,
COUNCYTFT—2a VEZA BN BT EDTH S, T
DF T IBREDMENISFEN, UNE ) T — 3 > OIS E A
ICZE LTV & PRI NS, MSCBHTIE. PURY - (K
DRERERE D E 522 WENIHRFTE . XD AL LN)LOHEE
BOES HEERR DM LA TE 2D TH %,

2. BEEIRIS
2.1 Bt LOIBHHE 0L 2%
HEEG L2 RIMEIC KL, BRECEDEN B D

DEHEMEDS T ENLRET ZHETH S, FKE LT
RELZVORIZEHNTH B0, AR—Y HHRDEHH O
i, SHICHEERNS DR GEETEFIEL, DHAETIET
TICHEL 10 JTADHEEDFE L, 4 5000 ADHTHICZ 15
TBHLHE TN TS, ZHE%R 1 FEROFHEREIZI 1A
H7=0 1000 77z A T RS DERE TS T L4
500 {EMICEDIE S EHEEENT NS, bLAY A Z—thic
k% b, HEEHEEEZ IO U TR THER 100 ML D
HEREEDMEDN TV S LIEIN TV, Fiz, TS
BEBLXONEICH 72 2 REFOMIER OB K LI KD
RFHHRIE K E W,

HEHUGIC 2 % L HIGEHE U OFEDEDEL< R0 EH
KT %, BIEONMED EOIZ ERREOFEIZAFIC R D,
PEEISEEIC RS, BB OB ThNIE T B RRE, S0
BETHNUINUERE L 2%, L L BHROEETIIERT
MNOIBE SN BHOH ARG ATRETH 0 H LOIBFLEDR
HONEEYRINTE e, DHETREEEZEOZENZ L EH
BRBEELZRLIZE X, TOBRDANEZBTT T LEZL,

BUE. BEERZBHREICIZLLUT O 3 DD 20, G dEIE
WINEIEDNL EDTIEERL,
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1. 2YEICITb N B BRI K U REE Tl
HHIHEAARZFMC K > TIBET 5 T LIEAATHET
H o FiiOFHIEEIPIA L 7o AHEORIE L [EE T
BB, BEEEFICH LT, Tl X % ERENZEEN R
FHIFCE R0,

2. BMEHIITDNBE AFIVT L RV o v KER G
2% 8 IFFILANIC A F)L 7L R =Y > 30 mg/kg 7z
15 9 TIREG L, 2D 45 535X D 5.4 mg/kg/ BT
23 R T 28D TH B, L L., BEHRES
Z < IBEIRICOVTIEEREIN R I N TV 5,

3. UNnBUF—vav
Mgk KO1EES L Z L & LT B#E O 1E RO
72O HE TGS 217 5 M ABEMRIC DOV TIEED
DTREMNTH %, BHEGEICE T2V NEYT—> gV
DRTEDT I, KNI EEEDRIE Tld7x < | HIFHGEZ
WINCHRITEH LU CHEAEEIEZ ATREIC T 5, &9
T EICERDIBINTN S,

2.2 WIZE M2

IfEsE g & UCHML TV 2 EMTERBROBHE TH
% THZEHEMSC (STRODJ &, ThETHLDESICD
T2 DT> TEIERMFOFERD 5. BHBRGIC L HTIR
PHRFE NG T e Wb o 72 2229%, 22T, [AGERSE OIS
PR 2 BHERGICHIR T 5 T L 2l Hr Tz, 20134 10 AIC
BEEZ R U, R TEEEER GBI - JEERGABR, $R3R
HIRAER) ZBHAA LTc, TRES N2 AIEE - ARG [HHERIGIC
P S MHRERE M P RERERE T D UGE  CEa— R 1 Z Ofthot:
PremdAl 639) ) THh B, KT OIRRICBIL T, Dstt
MIEN H AR 2G5 > 2 — RS R A7 LI
EEERE TH % (https://dbcentre3 jmacct.med.or.jp/jmactr/
App/JMACTREOZ2_04/JMACTREOZ_04.aspx?kbn = 3&seqno
= 3923),

BHIUGET VT v T MSC ZHlRNICERET 2 &, il
WA R A K OTTEPAIIC BN RRYD B fz #29%,
IEBA A Z XL E U TR, M CRAENE RO rRE FE R,
FAMER. PIREFRSEAEE L TNS EEZ 5N 2% |
B 2SR LT B O A5 53 R 2 ICiE 2 T o
TEIRDRDOENTT D,
PRSI E Do T,

therapeutic time window &

The Principles of Regenerative Medicine 60



BMRERE 1

FREEGZ NS E LT ERBR ORI D 2 <& H75 R
FniciilaZz RS % k2L T0a, L L, #Hi5
2RI TOEHEMICE HICEHzZRL, MildziAd 5T il
ZTOTHERDERZHTIICBEESE2 ) A7 D, HEE
HEIC K BI0HA I Z AL BRUEN T, 72 & ABYIE TV TRER
NRBENTE L FANDHEHIZ) AWK ETEZ L-BbN
%o —Ji. AHRERIE. HOAEH MSC ZEIRNIC AR5 9 %
728, fEER DRENMEIIMK < | #5 U7 iia AR5 a A A
T RRHEIC KD #&5 UcilleREEE R T D &
WSR2 ST B LR E NS,

FHIRNIC# 5 L7z MSC 13, HBIHRIG Z v F ORI E D
BIEFOTEZFFET 5 T EAHIAL TV %, mWiakihiRz
135 7DICid, BFHHRGRFFOMAEIZT TR A< MR
EAROREZFESTZ T ENRETH D GV — MM
R R B ARICTT E T2 TTE, IR D BEIRNR G K &
EZAbN%,

BUED & T 5, HRHBEORGZEIT 5 o DiagiE (3
YD FIEEEPHEYE, TDBROIUNE) T—2 3 Vi
) BAHET B0 B2 R I T-HHEZ DL DZEET 5iHH
%137 <. MSC ZHMH] L 7e R TEI s ainiii L 50 5
5LEZSND,

2.2.1 IHEHEICRY % STRO1 DEERH T LA
ARERTTERER T, AREHREO X 5 72 S LWIBFHE DL
ZHET, TEDB ARBRIEORRE- RS THREHUGICHE S
FREREME, HHErREh IR, MRERRE OUE | L9 %,

TN E TOHEBENZE 75 5 CICHIEIR POC I 5RM & N iz
AIBBEOMER A A = X L3, 1) BAEHi O AN DL
CR=X 7359, 2) BhMIRIC X 2 fkeRER 72 Lk
PRESREE - CRAEMEI. PISOEMEM, 3) IREEIR DA A8 L,
4) MR (RRERAIIEAD L) FIEEIER O A, iR D
sprouting, 5) MRFHREBIFIDZIEL, EE X E5ND. 1BHERD
FUSIFFHIIC B ZEHIC . ZEFSICHIE S NS T2, 1 \ID#HK
Hemoibgh e 8iid 5 T L DU E N5,

AIRBA, BRERIGIC X o TE Ui 2 s BRI
A EFEPED R E MR OHEr T2 101 % & [FIKFIC,
PRI & R ORIE R b I E 22T 5 T & T BHFD
ERE L RN TRWIRFRIR 2 T 20D EEZA TV,
HERF TORERR T RG22 T L X > eiallizBiEd
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2T LIFATRETIE o7z, UL UAIBRIERE. FRdo X 57k

ZHNEA ALK D G HEEZERICEET S &

MEFEND X o SHLWDIRRIETH 5,

AREERIEETAER T, BRHRIGICIE S MiEr, B AT
iR BRRERE T OUGE 2RIl 9 2 7281, Tadd 3 DOFEER

ZHWI,

o EIBXOMEREOUEICEY 2 TEGHifEEE L U
T KEEHEHEG 72 (ASIA) ABHFE L 7z ASIA Impairment
Scale (ASIA HRERE L)

e ASIA AV JE & 7z International Standards for Neurological
and Functional Classification of Spinal Cord Injury (&
FUG O MR 2R3 D OIS HEREM 75 70 D 72 8 D E B EEHE
ISCSCI-92)

o AHHEGICRHME L H RSB OREE E U TR E
17z Spinal Cord Independence Measure (il 2 14 37 &
#Hiii%. SCIM- 1D

TEERO TSI SRERE R (ASIA 738 A BE. B #F. C HED
HIEGD T EBIHREFIER 2 ~ 3 LIS — 882170,
T 12 BICEBEIR O PRI & MSC OR5#EZBilG Uiz, 40 HEICH
faZzfiRN & D5 L. 220 HE GREEER G OREER) (<
AR KO LNz il Uz, AIRBIE T TIcse r LUEE
FEEIC KB ST - BIRRA 2 &R 2 IERICRZT T3 (2018
12 H 28 H),

3. 5RDEE

MSC OEERIEE, IMEEZED & 5 73R U7 Mg iE» o T
75 <R ERZIGAED K 5 2RI o L CEREIRNH B T &
PHALTWS ¥, cokHic, HA MSC DEIRNELS 1.
MO ZH DT HENTH S LARBENTED ., TDIH
RHEHEDNEDIRNEEZBNS, WSS E5IE, -5
Bl - PRER DR IR F51F 2 58 A ERFESE & DATE DU VAT HE
THH., TOMRRBZIICDZETHS 5,

F7o. MSC DIGHEA = A L&, 1) MHEREKFIC K 5 ol
e - IRAEMEL. 2) MEHTEMEH (RO mEIE) . 3) MKk
B DLE(L, 4) MEfE, E2IICDTz> TV B D, i,
5) ARt UE S B A EME. BIEHOmBRIRICRE <H
W92 Eibhn, 51T, AN 2 OARE ST FEEK
KBV THFICRO 5N L, L% T DT v MuZEETIVIC
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BNTE. MSC Z#liRNt 59 % L IER IO TSR ST
U. BéiARE T K CAiagion & ©icigm U, T8 2n s des
AN TESSE g

— 5. BE AR RIS U CId, MSC I IHIIR A2 RS T &
PEEENTVS O TANAET IV w M MSC Z#IRA
8595 & TADATMEZIIGIT % L [FRFIC, B iR
FAHIL R = 2 — 02 TH 5 GABA —a—1 V2T
RN B 5 DX 1T, MSC IR MFERIC N LT, g
O E HE D 7m0 & ZIIIHHENCER Ll 7x & =i
EHHIICIER S %,

DLEX O MSC &, HABRECREL EIRL T3 iHIla e
Vo TEWVWEEZSNS, 9T, BB L LTI, Fadd
KR EE I F MRS BRRDER SN TV S,

o BN HIRESE 100

o it

o RME RS

o ERAETRMGE ¥

o R=FrVUEY

o TUFRE®

o FEEMIC I B KRR I MR RGAE *7
o TAMA™

o i

o RMYRpEE O

TR £ REE & T B AR 2 O Te PR R
LRENEV. BOBHDAIEE, 3 TIC 2 OO —fBId = H
fEENTWS, R EDH LMD T, BEEFAENIHRNGE
NTW%, KR, MSC IR ICDBROBERERD 5. K- 15
THBHTEMNARETDH O BRICHICB WO TEIIAEDEEFO
KWfiifEE L CEBIE N DDH %,

MSC (%, BAErFPEBIEE 713 U &3 2 HHATE MRS
WY BIREIRIC ST XA LY T b G| ERCTEERD
N3, [ARHC, TEHZREH MSC (STROD | W, £ < DA
FRREEANTFE IR E NS C EDHRFE NS,
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A BRZ U7z MSC (non-Muse BE) DRIHICDOWT & LHiigA
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A 2W (Autograft) sk B pywn o
& - ‘e
vehicle MSC — % /
4500 4 EXTS Kk “ . \
4000 %__
’:NE 3500
= Merged GFP
8 § 3000
—_ = £ @ 2500 A a ]
- - ISR L 4 ©
Muse Non-Muse 5 § 2000
£hTe £ 5 1500 =3
: > E
X z 1000 D
5 500
3K 241 0
vehicle Muse non-Muse MSC 2 TUNEL
) ..
2 positivity
)
c VEGF > SOum : 14 *
& ¥eo & F e 3 == 12
& XN O QY &
S RN T =25 = 1(8)
HGF £ z , I 6
VEGF - = 2. 2 2
g g 15 =} M
MMP-2 £ 2 = 2
MMP-9 = =5 50pum 20 um X
ATUbUlin e s e — o = =~ vehicle Muse
L
a *‘}\@& N @"z‘s E Sirius Red positive
vehicle Muse .
. : area ratio
s 5 a-Tubulin 30 *
35 ! Y 25
—_ = 2 —_
t 3 E ¥ | 20
H ?.;- 215 ::=_ 1 x 15
£ £ 4 ‘ \ 10
i 11 = ' g 05 A5 e :
= s = os = o0 100pm 100 um 0
° 0 o i Daite —_—
5 . . & & S
& & & = & S .\(}Q’ \)‘—:e’
. & & QO @
4 \\Q/

5 AEE2BEROBERERBINICHITS CD3LBIEMEL (FEREE. Muse . non-Muse Bf. MSC B DLhE), B:GFP TiZa L7z Muse flfigid. MEAR D
X—H—T®H3 CD3l. MEFBEHHDY—H—THSa-smooth muscle actin ZRIE L7z (BE2:B%R), C. BEIHEOEEERBEICETEZ VT REZ> 70Oy
R IZ& % HGF. VEGF. MMP-2, MMP-9 M%3R (sham 2%, vehicle . MSC . Muse £, non-Muse B¥DLLE), D : BEFERBEHICH T3 TUNEL B3O EHEAZ
DB (KRR, Muse Bf), E . EEBIRICH TS Sirius Red IFEBIERBOLE (RHEEEE. Muse Bf).

* 1P <0.05. **:P <001 ***:P<0.001;aSMA. a-smooth muscle actin ; GFP. B X > /X2 & ; HGF. hepatocyte growth factor ; MMP, matrix
metalloproteinase ; MSC. RIZEZREHMEAZ ; TUNEL : terminal deoxynucleotidyl transferase dUTP nick-end labelling. VEGF : vascular endothelial growth factor

Xk 19 &K hZE (©2019 American Heart Association, Inc.) o

1o 7z DFIMEEY A X2 HE L. AEEREOEREE LT,
FEEBR R (BF%). A=ikas (FS%). A= EHmEE (+
dP/de). FERERAHEE (— dP/d) ZHIV, EBVETY Y
JOfREEE UTIE BRI (LVDs) & fe s IRaRAHASE
(LVDd) 7\ 7z. Muse #if. MSC #if. non-Muse . Xt
DWW, AMIFEIED 2tk & 2 A% 21T > Tz, it
TEBHC DWW T, TAROBEEE Uz, ZORR, FEFEY 1 X1
DWTIE, 2%, 2 A% EBIC, MIBRHC L T MSC Bf
THE R A DRSS BN DI L, Muse BETOHE/NE &
DHTREL, MSCHEDOR 2 {GDfE/ NIRDERD SN (K
2A, 2B), T HIC, KBUETY VIR, DHRESRER)
HRIiZDONWTH, 23lt%, 20 A%EBIC, Muse fETld MSC B
ICHIR L TARICRE D o 72, ERDERMNE (MSC) Z iz
BT UL Muse flllaZz FHOZZEIC K E RBENE S
N5 &5, Muse Mz VT AMI % OFHRRIEE 305
THFT AT EIE, BRICBWTIERICEEEEZ 5N5,
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Muse #ifid 7z 7z AMI OIERED ERDIGFEIC T X
DHRNTH B AREMEN I TE %, LA L. H5 Muse filflaz
AT 256, SO AMI BHE D 5 SR 2 RIS % Ol
RENTH S, Fiz, FHEED S Muse MIfaz 8L TR #ET
256 HEROBIE AT T 725D Muse fMifdZ215 2 79I
. D 1EMZET 5, TDOREOIKBIET
F. HZEK Muse fiETIE 7% < 5 Muse a7z iH 9 % DA
BENTHZ EBDbND, 2T T YFaiEMaikoms
Muse #lifid 3 X 10° {7 7 ¥ FOHHESEFAE 24 R4 IC FHIR
W LTz & T A, 2 l%BOMSEY 1 X hFiE B 5 Muse
fa & kR TIE e AL HTEDEh > 72 9 FTz, 15 Muse Hifd
OREFEY A ZHi/ VIR, B BRESEE IR, EBVETV VT
g RIE, Mg 6 MHRICBFHL Tz %

3.2 MuseflIfI D RISERNIAND LG A = X L
Muse fIBI DT N E MR 1E AMIZICEMIRIEST & 72 Muse
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Infarct Size Ejection Fraction
*
35 - * % % * %k * %k * %
T 70 7
30 - e 1
g 25 A 50 N
% 20 1 R
815 1 ~ 30 4
o]
&= 10 7 20 ~
5 1 10 A
0 0
Vehicle allograft Muse + Vehicle allograft Muse +
JTE-013 JTE-013

B 6 1{thzR Muse HEEDAEEY  XHE/\GHR. OHRENEIIRICHN T S SIPR2 FAEE JTE-013 DFZE,

*1P<0.05. *:P<0.01. **:P<0.001;
Xk 19 KO HZE (© 2019 American Heart Association, Inc.) .

MR A ZE I SHRICEE T 5 2 L ThH S, Muse ffifd e
non-Muse a7z 4 % > 787 & Nano-lantern THEE L T, 0
FRESEANI AN DS Z Tz, T ORE. Muse MlfEIEREZETH
IS4G L7 A, non-Muse #3445 Lah -7z (X 3A),
JTE-013 1. sphingosine-1-phosphate receptor 2 (S1PR2) &
BRI E R TH 2D Muse fifld & JTE-013 22595 &
Muse M D FEFERIHAN DL EWHFEICHEFE E N7z (K 3B), 1
TN DA Z AN TFHEIC K DAL RICBNTE
FREDFRERNME S NIz, § 7B AMI FE 3 Hi%IC Muse il
Rl FESEREIIC 75 L7208, JTE-013 & DR G Tl ERSMNZ
EWI U7z (K 3C) - Muse AIFA O L3R ITAHZE 3 HIL T 14.5%
Thole s WHME TN TS MSC DEERIF0~3%T
B3 LxEBEZNE P, Muse MO EERIZETDHTEHL
T Wb %, RO ZERE & 55O S1P i
. IEROFHROH Y 3 2 IR THRICEETH -
7z (K3D), TOT EMD, HliRTSE N7z Muse HfdAY, £
FETAIE & REIBICGERIICAES LT b T ehhbh o, &
51, Boyden chamber 7% W\ 7z in vitro ilEE 7 v A 21700,
Muse MfaDEEEERLIzET A, SIPR2 7d=ZA M TH 5B
SID46371153 Ik LT, Muse MOl 1344 = R K 7
MR LTz, Muse fllfdid, REESOARHFRIC R U T & B sl
ExRR LU, TOlEER, JTE-013 THEKEEICHE S N,
Muse HIEOEEICIE SIPR2 HFEEHL TS D siRNA IZ K >
CTSIPR2 2V A L9 % & SID46371153 H B\ IdfE

advances.tri-kobe.org/en

SEDFREIC RS % Muse MIfEOMEE (A RIS E nuiz 9
NS5 D invivo 75 5 TIC in vitro D7 —ZiE, Muse HIfdDFE
SEOIHREANOWELEZ D A -1 = X LIZiE, SIP-S1PR2 ¥ A
TLDEELTWE T EZRL TS,

3.3 Musefliffd DL~ D /b

FEZE 2 % O DR O MY A 2 R L T, D
X—H—TH23LEMEFT MUY LARXTFE (ANP),
troponin [ . sarcomeric a-actinin, BXUF ¥ v FIv 7
23D —H—"TdH5 connexin-43 (T xF > 43) DFEH
ATz, ARSI TR LTz & T A Mg Az
T LT Muse a7z 15554 U 7z ik tadD'c 2 > 778 (GFP) &
ANP, troponin 1. sarcomeric o -actinin OFEBIHIAEA—E L
Tz, Muse filE TOOFH < — A —DFHEN 5, N 5 Ol
MO Lz EAVRENT (K 4A, 4B, 40), T HIC,
Muse #ifiam 5L L7z Ofifiiin & . & &6 & - 7z host Dl
i & DNCIE connexin-43 MWHHIL TWB T &b, 7kl
T F vy TV vy 7 23 %S LT host Dffiifiiia
& AR O BB ARRR G HAZZEZ 1T > TV B AREEDVRE N
7z (X14D), FHZE 2 At%Ic72% &, GFP #Za% Muse Az
ANPREIL )UK R L7zh, troponin 1 & % WM& sarcomeric
a-actinin OFEEL~)UIEIEINL Tz (X 4E, 4F. 4G, 4H),
I, sarcomeric a-actinin FFIEfIEIE. BER L 7o.Ofllaic
K C b 2 IR SRR 2 /R LTz (K 4H), GFP THEEK
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L7z ftigk Muse fIfE TH [AERIC, 2 BRICTDHY—H—TH 2
ANP, troponin I, a-actinin Z¥HL, 6 HHRZICBNTL
troponin 1. a-actinin O¥EINH -7 % o LiF, fthx
Muse #ifdA 50E U oDy, A7a< e 6 2 H R0
NI & EE > T EERLTVS ',

i, Muse flifEah 55 Uiz DEAIREDY, 8L TV 3.0
RIS BV THBICIEEOT & LTOREIZRIZL TSN E
5 Iz lifae Ulz, GCaMP3 THGK L7z & I Muse fliffdz 7 ¥4
AMI & 7))V OREZELAHKIC M U7z, GCaMP &, enhanced
GFP (EGFP), V&Y 2V (CaM), S AT VIREHT T T A
> b (M13) Z@ o+ LA HRE L7z by o L g —&
VIRTETH B, Ca® ' H CaMIchitrd % &, Ca*' /CaM L
R M13 EMEAFH U THDEHITH % EGFP DI IkMEE 2 28
LT, ZUC K O HEBRENZLT 5, ThaflfdsC L
T.Ca® JREDZ{bE GCaMP HOEHRE DZb L L THINT %
T EMTED, 15 2 JARICHMM 217> TR ZEE T E 8.
VRS HOCIARBEMEE (Nikon, SMZ745T) & EXFO X-Cite” #
YERRIASEE IO TSR Uiz T A, DERICHEIL T, UNHE
i3t EEmME 68<) &0 BERIIEE S @§5<)
5% LS RsRE iR Nz 0, 2 DT & &, Muse fl
fa/» 5 5E U 7D 30V T U IZ MR Ca® iR
JEMS B U TSR & U TR ME S HFE U HhiEIIC I
HIREA Ca® IR N L7eiE R & U TikEDESH 5 < 5o
e e EMLTED ML U T DMl O & LTk
RELTWVWA T LERLTVS,

3.4 MuseffillDIMEND ML L INT 7 54 V0

F%E 2 AR ORFRIT, GFP THE L 72 Muse Ml i3 & N B
MDD~ —7—TdH % CD31, BXUTME FHEMEDO~—
71—TC&% % a-smooth muscle actin ZFBi L., M DIRZTE
LU T Wz, E 51, FEEEBE RIS OB E R, SR
non-Muse #f, MSC BHCLEHZL T, Muse BECHEICE N> T2
(X1 5A. 5B), Muse fllfdid MSC & [F#(D/RT 7 5 1 2 5hAa
9 %, Muse MFIDEEFER D FIEHICIE, L8 N R EHEA -7
(vascular endothelial growth factor : VEGF), FFAlif@HE5#E A +
(hepatocyte growth factor:HGF). matrix metalloproteinase-2
(MMP-2), MMP-9 B ¥8I L T\ 7z, Muse fiffd 7z 5 L 7z
PRI CVTAEAR O BRI 1E. MSC & [AkkIC, VEGF. HGF,
MMP-2, MMP-9 %81 L T\ 7z 1% VEGF DFEH LNV,
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MSC *® non-Muse FlfZIC EEX T, Muse Milfld THHC o 72
(K 5C)s VEGF & HGF I MEH 4K 1T D ***, HGF 1341
7R =Y A5 RS ©, MMP-2, MMP-9 (347t (Ld
WIEHHE IR 26 % *. Muse fiflDORGIC & D | K5
DV RGE K O terminal deoxynucleotidyl transferase dUTP
nick-end labelling (TUNEL) FrlERiIac A L7z (X 5D),
T U Muse flBaD BT R b —> AR EH T % T & R EK
LTW%, &I, MZERIHO Sirius Red Rk R AE 0O Jak b
ERBHHENT (K5E), TNHDRERNS, Muse ML FETE
S5 AR oD A R 0D S N R FE I DA HE L A B T A D Ik
D RIS A XDHE/INE EICG L TW B ATREMEN BV & B
5N %,

3.5 Museill[fl o §e i i i) 4

Muse #if@ & human leukocyte antigen (HLA) -DR (HLA 7
FAN) ZMaRmIc B Lxwizd, THROKRZZT
W % & 51T Muse fifitid, HLA-G (BRI fA7E LTRSS
RHIROHIEEN NS K SIC@ < XTI H) ZRHT 57
% ' Muse M@ 5 & 17z host 70 5 DBIREZIT RN K S
ICRIEDTRTE NS, TNEDOMED. Muse il AVEZE R
IS LTk REINC D7z o THIBR S U3 ITHFAE Livil)
HHD 1 DhE LN7Ew,

3.6 FEZEb T DOMusefllfff i £ D %
fth5% Muse #lifid & S1PR2 ORI HHKTH % JTE-013 7%,
TYF AMIETIVICHE G2 & K Muse fifBIC & %
2 TR DORESEY A R/ N IR 75 B TS OB RESCE R RS R
L7z (K6), &5IC, HRGHIZ T TH % herpes simplex virus
thymidine kinase (HSV-tk) %t I Muse fifdicE AL, 2D
Mz o5+ AMI E7 )V G592 &+ Muse Mifaid
HRICHHEI N, ZO%IE. & - Muse MIfEic X 2% 1 X
VIR, DHERE (BF) SBshid. KiEicid Lz %
I, GATA4 CLFHHIRFE E DBICHEBIT 5 i GK 10 1
D) Zd—R¥ 382 siRNA TH ALYl b
Muse flifaZ, 74 F AMI €7 I)VICBEAL LTz, FE%E 2 %0
IKf 5 C. Muse MRS K 2 REFEY o ZHi a7 5 TS ObERE
(BF) SR RICHD LTz, DI RG22
1ot & T A, GFP T L7z Muse fllfia» 5 .0 IO
MEDFED N> Tz, THE. &k Muse fifgic B %
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GATA4 DY A L > I & O .OFIEAND A HE X 1L
Tetz b, FEZEY A KNI, COBRECGER D Lz &

%z

BERLTWN3B Y,
IN5DT ki, Muse fIfIAFEZERABICAZAE Ukl O

HNEAND 733 2 W ME FAE H17 R b — 2 R A fiRwE
(LRI EDINT U T4 R Fe T %5 T LD EEY 1 X
iz OBBEUEEICBIG LT A T e 2B L T2,
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BMRERE 3

sHila e AW ICREBIRERBICK T B
I ‘& B E Bk

BRE Bz, IEEE
RBEMEEN R ERERBHHER S ER1 / X—>3 >
WELYR— XTI/ R=23>yTEDTY

RSP EEANRF ERE RO HEERE BB/ X—2 3 Vit > 42— (TR) @
MRESICL > THREIN Rz AV CEBLEREIZ. BUEETRELDE
BELTRVWICHFEN., BIFOBRFAICH LERMEZTY. LBERNCBIR
ROBEILFLZEXZDDTH B,

1L EL®IC
1.1 SPERAE R MLORRHE - #8772 - 1
AMEREE (PAD) &id. PHROBIIRICA: U A X 723 PAZEIC K D EBRIEE 2 L 72
HIEEMTH D, FIEEIEDOLONSHEIEOL DX THDLES &, RIHFT 2 (HAL
EARELTVW R ERBEONTWVS | FREEE U TR 2V OEBIIRRE LI X
9 % PAZEMEBDARBE(LIE (ASO) . DMDJFKPE L U Tid PHZEMEMmfemER (3 —
Uy =R EHING), MER, HOREREDN DT 5N S,

PAD 2V BEICHEAT Ly R DL af NG EIE & 72385 - BUHZ /RIS - o wiE

1997~ 2003~ 2007~ 2008~ 2017~
EPC 2 1/11a 1HERFREAER 25 1/11a 1HERFREAER FNHEEMEE | 5 1ECERER
(CD34 5% (B%) CRE) AR (ERESR) (BEEEZSRS)
#AE) ORER (B%) (B%F)
(1997)
HIERERELER HEREHISER SRR _E5R HMREERR | SHRHEFER
VLTS ER PZIN A d G
BEFEOARW CL SFERE R BEFEOARL
N=6;1X 10°1@ /kg CLI BREFERDA CLI
N=8;5X 10°18 /kg | ABEFERDEL CLI N=11 N=35
N=3;1X10°M8 /kg | N=7;1x10°f@ /kg
N=9;1X 10°1& /kg
N=12; 75€R

BH B2 X EE

g5

PP EEAE R 1L P 0
B - HEZ R, Lid L
TRl 2 AR < S .
B RAER E R0 5 98
RETH %, CD34 [ MfIa %
Wi Luiagikid, &)
g2k, wikfR S K CHR
FRBRIC & O BAF R gD R
SNTE T, BIfE. HARIC
BT, SeBRTEEREH
JEDOFEEDE & G-CSF B 5
E 5% CD34 Bz fuv
o R s F AR B I H 7e
EQ L NCY - s Rl =|
fBLCHHEEZED S N T
%o CD34 [ AT A A &
BEELE L U TR I NN
E. ST ENE R Mo A
53, TN OREEEAN
DIEISIERNDE S Y] 0 B
Ttk LARE
nTws,

5EEE
JEIH %52
E-mail:

yasufujita-ths@umin.ac.jp

NIA BEZ
E-mail:
kawamoto@fbri.org

B 1 CLIEEICNT S G-CSFEE CD34 Gtz AUV TROEBERE | CNETORIBRK~ERKFERED
S CLI I BETRKEM. EPC | MERKRAEMEA. G-CSF: BRI IO=—RIBHAF
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BHBEZ. IIXEE

(Fontaine 7388 11 £ L4 |, % 7z1& Rutherford 73%8 4 B£LL )
M2 AL FFET 2 & Dz, 18 EGE R (chronic
critical limb ischemia : CLI, i Cl& chronic limb-threating
ischemia : CLTI & &FE5) EEFKL T3, PAD DRAKRGE
LWA S CLIEZHED PRI EDDTRETHH W DrDiE
ITPEENEREE D TA2ICIEHUT %, CLIFERED 5 1 %Dl 3.
FECH 25%. KUINR A3 30%. CLI Fifi 20%., 7z,
5FAEAFHRIE 40 ~ 50% LHEENT VA % WeKIZ BT,
E/IN® T2 0 4R 500 ~ 1,000 ADH 727 CLIEZNFEE L.,
CLLIC &2 FHYINNIAERT 25 T TN TV EHEEINT
W5 'y 2000 A D 2010 FE TORIC LD PAD E#O
B3 235% L T 2 5% BERO 2RI RS
ENTVS, FHYIKHNZEHE HE D QOL ZRE {487% 5 721
T L, FARHCRE BHEERFHHRKRIC D AN > T %,

CLLIZx U CHEHR I N TV IBENNT AL, 9.
ROy ba—)b, YR T 7 7 2—0EM, 15 EHIC
I BEMEER, T U CGHEICHD 255101, SRS AT
M PIEFIC K 2 MITHETHS % L~ L., CLLEEZED
125 ~ 40% . NASAFMITHWSERTZ 7 - O XA,
ZFENE < R N SEIRIGZS B8 K U7 9 % B OFEZ P &
U Tt AR & 752 % 10, CLLER TS B iGHDi A
DOHMNEEIE - B TH 28, MATHEDFEISZV. HB W
FERETIEOREHE I DO TTERARTH S, LIh>T,
T D& S 7 CLI AT 28T LUWIAHINIE O WL AR -
EANRE LR > TV 5,

1.2 CD34 [51ERa % Hiv 7z CLI M oo s pik ik

1997 4EIC Asahara 5 ° I &k 0, & NZEIERAIE (EPC) A
t b ORRMERZER (PBMC) O—p5 (CD34 Batksrm) &
UCIFES 5 T EMGEIE N TLERk, EPC ICBEHId 2 SLHE - i
IRWFFEIRIL S TN T E e ZTOHT, BIMMEEREICTT %
B LWAKE & U CLEPC BAEIC X 2 IS HAEREN T H 2 4
BTW5, BifE, A5E#iHk CD34 M2z O 72 s
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KIOZ—RIEAF. GM-CSF:EHIRT /07 7 —2 IO —RIHAF. MMP-
9 : matrix metalloproteinase-9. PIGF : placental growth factor. SDF : stromal
cell-derived factor. sKit L : soluble kit ligand. VEGF : vascular endothelial
growth factor

513 CD34 By il 1 B9 % [ Al 8 a R 72 52 L
T D GCP #EHUFRERIC BT EABBEO AN B X UL etz
MR L7285 & 51,2017 4E 12 AH 5 CD34 [3PEffa ot
PRI & U C OFKRE IR L 2 it 5 > & L
{bibiEsn (3R 2L (K 1), ARTlE. CD34
PRI FAE RS & U CORREZED ZICE > Tof%
BEZORAODNTHHT 5,

2. HIER R

2.1 EPC OFHE - thNEiE

FARDIMETERLD A H = XLk LT, BEHFED KA P R
Hel oD H58 - 3l 1 K 2 B4 (angiogenesis) &S {1AHA
MERK DIBBENTE Iz, LA L, 1997 4EIC Asahara 5 °
. BRIKIC IS % PBMC O—% (CD34 ML) & LT
EPC OfFfEZZEH L. chic KD, MEHE LITHZ51E
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bNa X5k ->T,

EPC (& PBMC H1ic,CD34 G ififlifa R mi) Bt
CD133 (Rl Ml mHiED ° LM & U THES %,
N5 OMflaz HEEL , WAz DT —E O ELL T
5489 % & CD34. CD31, vascular endothelial growth factor
(VEGF) receptor-2 (KDR:kinase insert domain receptor & &
W5). Tie-2, E-selectin D288 % #i#kIE D Heas i
M B, £le. TNHOMIIC KB 7 L FIVIHEEE Y KX
27878 (Ac-LDL) OEVAH LR TES &L 515 *'
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BRI~ 7 A% £ 7% O T BLBEITZEIC X % & EPC IRk
WTIEBEBEICZ S M LTV R AN, I - R - B - FEEE
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——HR ¥ (GM-CSF) %2 DY A b AAVRTA My Y
IR EDRIVEVREICKD ., B D ARSI E E .
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2.2 EPC FEhAD i AR A

Kalka 5. @ A PBMC #1353 L 15517 EPC %, X—
R A FREMET VIS Lz, ZHUc kb &, TRE
il 2 H#%IC EPC ZF#iRINIR 597 % L. BoRl & 7o h iz
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TEEL, BRHICHWAZ ENTE S, —7. EPC Dk - 7
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LERIR R I K 28 L7 £ T %, Yoon B DRGEFRIIZE T
[ SV = U TIN5 | e a2 & O e = i [ Ot T 22
L7z T A BRI OGO BINRO S, &
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FNFERE T MR 72 5 < 9 % L BMRIC 2 B D SEifa
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DX THERSH SNTeDITH L ik E 7z CD34 B
B LIHEICE. NS ORIKIGERD SNT | mnilE
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IZ, Masuda 5 W7 L 7z in vitro IZ334F % EPC colony-forming
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S N5 77, BRI CD34 FEMEHIRE, 5k, Hifags
100 f5ICHnE ¥ ¢ au=—h13 519 EPC 77 & JE EPC
STE DM T EFRERNCHHE AN DH 2 T L 2R L TV
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TREEREEIRICH T 5 BRFKEM
CD34 51tk Di5tE
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HARFARZREFHAMBLARF

BITDKI 5~ 10%(ZTERDEFETILAML B Vo BHREEN €DK S BAEF DB
BFACLTHF SN TV BERFERZ BV IS EDBEMKRIEHEDOVCHD
TI3BWVo REBEMEEANFERERIBHHEERSE BER1 / N—2 a3 Vit > 42—
(TR ICEEEL/-RAZRE L. BOGMEEIT (BEE) BEZNRC LICERFKMEM CD34
SIS HEDSS | /I BERRERZ REL . ZOEMMECRERZREL TV S,

L IFL®IC

FEPERpAERE (BS M) . A CZREMEGRHIN (PSS MIHE) OMIZRIC K D, a4, FAER
DHHIEHEE LORIBEZZRFT TS, —/HT. TNHOZHMERMANE. M LoiE
PHLD WA LD ER E2ZATHE D BRICHZREICLTW5, 22T, &EE
SO RRR FAE DRIFZEIC B\ THULIN 7R R B 2 72 U T & =DM, (Rl Zz v 72 i
KTH5, BE. BHiD 2 VIGIEIRHROMEERG M Z W25 - I OFHENER
NRMEETHEH SN TED ., T TICHKRISHMFIEE L TWS, L L, BiifRINORE
P, MRS R O U S OREEICR M ZEd 2 L WS REND D . iz, 1BHORNR
LIRENZEDTH >, T T KOMRET, K OMRNTIBRIEDORBEDHE L
ENTN5,

MBI, BB OMREM]  IBFRIEMLOTOICEMENTE 2, TOREIC
BB TN TOMRDBAE, BIAILIES AR 52 WVIE AR E LN
X, BT LEREHOREL NIV THEATE LD EIEW A BTz, UL L, ki
o T, IMEMFRIERE HER L, MRERHEAE LR EOFRNEZIRD ANENE, E
TERIC B 2ME A 7 = X L7z FH T B NS % &0 D | #ifz e WFEaEishyy) o B
NTWVB, Xz, GREHED ERO—H 2K T HEERODIFICBNT, SETHAH
HlEZ W2 8RB TEBCOAHRF E O HE LD ST W0 a0, B I Nz2rE-om
WS MERDPONCHBRERINTOLS DDV TR ARSI Z L, Lizh> T,
S METE I FE RO FIBIC B\ CHULIN a8 2 T ATREME A & %, 1997 4F
KRS A BRI B A A RTERAINE (EPC) 23R L TLUK, fERDBEFIL
ENEMBEOEIEK (angiogenesis) DIEMIC, EPC 5 DIEFA: (vasculogenesis)
DAHNZALDEG L TWA T EAHLA LD | BIETIE PRI DR R D
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R1 EFFRBEMCD4BEREOI— RSy FETIADBIEICEK 2 BITAR
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MEMAEEEE LTHRIKICHWONE X SICE>TETWVS
25, BIEARMEEIC VT E . LT K D FRCE RIS B Bl
BEROEEENMERENTE O MEEAIRNERZNTE
Lo TETVBHEVZ S,

AR T EIMBBRICE O TR EEEENZ M TV % EPC/
Al CD34 BAtEMIALO EARNBIRE, EPC/ AAHI CD34 [
Flfe 7z O E « S A RGEIC B 9 2 B, ik RE
B, B VI AEERREABRIC D ST 5,

2. EHRECMEFE
I Hr A= H45# Al 7 (angiogenic growth factor) & Z DiG##IGH]
DREZHYI THEN. & Nz Did . Moses Judah Folkman I & -
TThb, HIETHIC, PADEBRBOTOL AL LT, 1
ERA AR < SR T OFBUZ A U Tz, 2 LT, 5RO
BEIc k0, WHEOMEGEME D S IS PN R AIE 72 5 - ik X
B, FilcmmiEzEo iz NmEH4E (angiogenesis)
LEFUIZ Y EE, MENRIESER T (vascular endothelial
growth factor : VEGF) 7Z1d Ush &9 % 5% OBIFAEK 7 HFE
E N MEF EMSERENDIHIRISHIC DA > T b, —7F
T MEHEIEERRED 228 LR WIEFI B FE L. TD X5 %%
FEB T, HEMPARALIC 3513 2 BEAE0D I8 PN R M oD 11 P 1 S
FASHT B MISEDME R LTV A AREMEDE X bz, 2T
T\ ROSPEC E T S N RN 2 i i 589 % < & RO
RETH - 7,

1997 IR 513, EPC ASRIADMEERIMMKE I/ EL, &

81 The Principles of Regenerative Medicine

B1 SialIcH i 3REMm CD34 a0 ERE, BEREEIN-E ~K
1HIl CD34 R3S BT ICERB L BIEICE LW TIBEED AR 5T B
AZBLTEIMARICEERAREZFE L. BIARKICEMRT 2 ES D
[k Y e

FER AN OIMEERICRI G 5 &2l Liz s £L T
ORFIE. BBIRBIOARICHES 2 EEX DN TVIIMERE
(vasculogenesis) IC—¥d 5 &hbrol, DE D, mME
W HTERAII D AR M LD X X RFTICTZE D DE, &, HhE.
STz eic kb, FrRmEIHEEINS LWV EfET
HB, TNE T, BIAKICEBT 2 MERKOERIE, BE7RE
PEIME OO M E NI X 2 85E, EEIC &K D AT % IfE
¥4 (angiogenesis) ICX2EDEEZSNTWIDIEN, Z
NEFBRZ DTSN ERALENT2DTH B, THIC, M
ENECRMIC R SR8 5+ (FIk-1. Tie-2) MBI % &
B-HZU b X—LRRHBT2EIC LT VAY 22y
U9 ADFHBET IVICBWT, i, DA, AIEIGE.
HBNETE IHROMERRZAFET S L. FF—ahldsk
D Flk-1 & %\ Tie-2 ZFEL L TV 2 HIRAHT 72 7= i 72 4
LTS T EARENT % DED BIKICHENTE RS
E AR MEHTE & MEFRE O /T O F 2/ L TIE K
PHILLTWB T ENDN o> TERDTH D, T, Bk
OFHIMET L, MEFE & MEREDHEMFHIC L2 8D
EEZENB LIRS T

3. R1HIM EPC/CD34 [ZEHHRRIC & 5 BifraR

M TR AR SRl SIS K D RIIC E S, L
MU, HITD 5~ 10% 3 EHEE N EOIREICHD  GEatkE
It / BEED . T, BITECEY) AT o NEnT &
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1. ORIF 12 12
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1. ORIF 12 19
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2. BENETATHE, Cell + ABG
1. ORIF 12 12
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2. Dynamization
3. BENET AR
4. Dynamization
5. BENETAcHE, Cell + ABG
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2. Cell + ABG
1. ORIF 8 12

2. 7L — k3, Cell + ABG

ABG : BERBH#HE. Cell : BRFMHM CD34 [FIEMAEHEME. IMN @ BENETEE. ORIF @ SIMEBENEE

Ptz H U CMERMNEBZ1TS T L8550 I
I BT e EV, Z T THLIXEPC W -Hilaa
I KB HHRMETERICIER UL #HETEBITCN 5 2 DH%)
M7, JEMESER7 8 U CHilifRRBRNICHERR S 5 2 L & LTz,

X PMEFE LT, Binaiuafics i %5 EPC DAIAN
Wiz, <~ ABSEEEITE TV 2R L T, #uEE et
WY —F 175 (FACS) 7 fHWVTIRNT Uz, ZOFSH. B
BICHEEED, RREIMA T EPC BMEIML TW5 T &AL MIC
5o 7o RICHRED EPC WVm T CIE N EMIC e s 5 C
RS Bz, Tie2/LacZ b TV AV 12w IR ADE
BT T )LICIHBWN T, Scal & CD31 O _&EipyEitazirt-
el A, BIicBWTHREHSKRDO EPC AMIE NI
MET B EDERE NI, TS DFEEMNS, EPCIE.
Pz EHD S ARMIMCE B SN, BT CEImGmIc =ik d
LTENHLMEEST T, EHICMOBE I N—Th5EE,
t METICBOTEPCHEIEE NS T & ° T b distraction
osteogenesis &7 /LI IV T EPC WHALEMRANHE I NS T
OGN, MAOMEELHEL TV,

AAHMAAIC K B M AR AT RE & 75 > T2 BIE. I N R A
faic 53k d % b b oRRYI CD34 e & /A 2 (e 3 %
EEZBONGHNTH S, T T.HRLZMEFEANSEEN
ARSI CD34 B3 PEMAE (10° ) DX — R F v MiRaTEE T
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PRI L BITEIc B0\ TMERE DR 5 E iz
CCHIICGEIEREREZHE L BinbmicEikT s 2 &
ZHASMC Uz (K1) "% RREER X FR2AI < SRR AR
T, itk 8 T HIIE (V) EeRili A Ak (PBS) B¥
BRUE - HUKBRRIRAERE) TIIAREICRBITL T2 DI
L. CD34 [F MR Tl 4 8EH T 66%. 8 HHEICIZEH
THEHEGMIS N GE 1A). 3 mlllFEERIC & 2 T2 AR
Tl e & FLEE U C CD34 R MR C A RIS S\ e
% & DRREM F MBI RE S N,

HOCARER U 7z CD34 FRTEfifld. S BRI R L,
Z v RO N BRI I & E U TETE T oM E
FEBIUBEHECHS LTz, B2 H%icid, & bl
> 0D R FAILE N A & 5 LF R AN 5 H BB TR A - o
AWIANNCERS S 4, CD34 R Ml AR T RREAME N
R K CEHHIIIC e S 2 2 EMREHE N, EHIC,
single cell RT-PCR fi##Tic & O 77#E%D CD34 R Efliiad
1 20% 3 EHIRE R — — L TN A AT A VT v
HREELTWA T EMHLMNTED & b CD34 [ iE
Z v Mlild & OMIFdELS 2885 < &7 < R BRI L
THEDEEZ DN, Bl 2H%ZDT Yy FOBFITETOR
FEAOIC K 2 WU INIE R B AR e SR

The Principles of Regenerative Medicine 82



HEIFNER 1

20 B b

CD34 51442 = Historical control
RERIE 7 1"
MR (B / «i4) 6/1 9/2
Fip 34 (20-45) 37 (21-56)
KERE / [EB 2/5 417
i 12 BTOERER 5/7 (71.4%) 2/11(18.1%)
BREICELIHAR (B) 16.1(8-38) 29.1 (12-44)

#F3 % 1/11HEHER L historical control D LB,

BT, CD34 [FPEMBIE O BHTEIC B 2 MEFH £ K OH
B, oHIRRE L Lhig U T BRI TE L T 7z, RT-PCR fi#hT
WX DB T F RO VEGE 7% & D& ¥k KA 7 EE
TET b, CD34 FGIMRED R T/NT 7V v O%H| 7z
HoTWaEDEEZ LN, EHIC, VEGFDT7 Y2 d=X
hTHBAER Fltl ORGICE D, MEHERG Tk B
FERIHIE NI &5, CD34 FEPElaC & 2 BirafEes
WM E HE LIRS E 2 R L T0E T ENI SN
5otz

RICFRA RIS ZR0E U, RS Nz b bR
CD34 [GHHEREAS, BBV TR EDHE S TEHE
7238 U CETIGIRIC# IE /R BRI 2 358 U, F BRI BTG
WICEHT 2 C bzl Lrz 'y 9, AHImERkan=—
HlIA - (G-CSP) @hE CD34 BatkfiiaZz. [ UEYIET LD
BT Atk L7 Tnas—r YD) B Lz, B
FEd B, FIROFIRNBREIRE O ZSHIC Lz, &%
REI 7 X AR - SRR RTEIC WV T 10° BECIX 4B H T
33%. 8WEHICIE2FITHEAIESN, 10" T 4 HHT
11%. 8 EHT 33%DEEAIEFSNIzAY, 10° . PBS BET
EEESIEASNIT o7z (R 1B), Bl 2 HZOEITETO
FIERIC K B UNIE R L, B SRR O 8 BTl
IHBWT, BB 2 MEH A B L UEF4E. 10" #E
10° BECId 10° #F. PBS Bt & LU U CHEIKIFRINCTTEL TV
Teo TNSORERED S, HHEME BTG OH 12 7E D 1 D
& LT, A CD34 MR RFTBMA A TH 5 T LAY
~ENTz,

E 51T, CD34 Btk MR D HAZERHIRLIS K3~ 2 B 1 2 g RR
5728, & hAMIM CD34 FEEMIIE 2\ i HALBRHI I 2
X— RSy AR E T IVOBITEICEAE L, Z0ME%E
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LhiRaT UTzo ZOfEF, 107 O BUKERIRR 2 FoAl U 7= BE T
b MEREORE ST EHA2E U CEITARICE T 2 5EE
ZHEL, BITBEICENT % C EDMRE NI, DA
PEiE 10° o> CD34 BBz Rl Lzt L Lhig LT, T b
OMUNIERRRE, HIFREIIEEE. & hHRROBFAMEN
FZHRRERIE . BRI X RREEN - FHRRAT - J122RTHi
DOWFTNITEBWTEHEICE > TV 2, E512,.CD34 B
fa3s & U HBERMI O BRI Z . #REMEEITET VORIRDS
., WAL LT BBEEIE T IVIC BV T B IR L T B, BBk
BAERETIE, CD34 BAPEIRIRRERE & Lt U CRIEMEMITE DR
AL AEN, FHBRO—HEHR>TVBEEDEEZ BN,
EPC MBI 5.9 5 BiMBmOEIT 2 EHICIHL T T &
. SR BEFIROM LIS DENDZEDEEZDBND, Z
TTELIZ, GCSF, ¥V NRAZF VP DRFRMIC XL 5 H
P~ EPC BB OiRENR. SCF/cKit & 7 )L LIzl
s\ 7 27 %—2%2 273278 Lnk'®"", SDF-1/CXCR4 ¥ 7' F )L '8
IZ &% EPC BIEDIRIAIRIC D EMET L. FNENA EPC D
BITBRICEBICEB L TV T e RHR LT,

4. BRIRFER | RIEM CD34 [FiEHERREICL 5 F - MEBE
Bk
IR U7 B O R 2 B £ 2. Te M apiifalif PRI 7eic B
THEALZAS] O 20099 H 4 HARICE DX, T
BIEET (BEED BE 2SR E Uz AZORIIN CD34 R
FafMEIC & 58 - i HARRAICEd 258 1/ IHRER) 232
UTzo EIZARMIN CD34 P tERINIAS RIS K 245 - if i PR s
&, B TORMERIRET DI & Z D% D LDk 7z
BT, BZEELS 3723 THEL, ol HifAmE 7z m4A
L9 2T IERDIBRIE L IR L TR D 5 L EZ BN 5,

HeERE ORI L LT, KERE Q@ HD FEKs 6
) DOIFEGEBPAEIRE T, [FEEUFRROE D 20 5 1
70 BRI CTHO, AANDPSXHICXBEENMILN TS E
FHe Uiz, iBomne LTid, £ CHICKZAEBEMNMESN
THHAT Y ==V TR « JEfIRGET 2 « EREPEHIE 2110,
ZTDI A TEET %, CD34 FatElla /8, (ABAEIT-ifr.
RS AL A B P S AR THAHEE RS Seim BT 2e 2 > 2 —C
FhL. ZD%. R R EREC R & ¥ THisiz
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G-CSF : HIER OO0 = —RIEBAF

R EI 2, 77 2 LY RIS K O BRI e L, Z D
#%Ic, CD34 Mtk e s BtEd %, 1H#IE. 6 HHEICHE
HITFi (AREBAICINZ  EITE U THEE DS EZT1TS)
&It 5 X 10° flil /kg DESFANIM CD34 Az 7 7
nas—7 ke LTRAET 25 (K 2), TEFHEHE .
LB X UM% 12 HTO X SRANE TGO FEE Uiz,

1 EF]H OIS AREETEZICB L T, RGO & 224
P Uiz 19 fhitg e 12.6 B XA B REME S N,
Mitg - 16.1 8T X fREmEhma M Eonse (%2) % &
HEMIEE TH 2114 12 T O X FREEE AR 71.4%
T®% - 7z, historical control & UT&E L7z, AN TH
B2 0 U TiaEZ T - 7o KRS F 72 ISE O AR RS
11 FlOEHEHRIE 18.1% TH O, AEEDHMENRE NI
(£ 3) % it 1 FETOREMMBICHNTE, ERAAH
HEEHENITh o T,

5. 5%DRE

TN E TSN T Z 72 EPC/CD34 [ OB iaHic 51
% EHREAMEIMONIZE T I —TH 5 EEH TN, EE, K
TR NMER S N DD H %, EPC DA MO E0HE
.7 MEBBIEEETIL Y T AKBEEITET IV 2 &
Hiclde FOKHE - EEEE Y KBTI n T,
%7z, EPC/CD34 Bl O BB EaiRIc DV T, A M
Wi U CEIBART v MR EITETIL 10712 EAR
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