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Preface

Ondokus Mayis University, located in the beautiful historical location of Samsun,
Turkey, hosted the 1st International Stem Cell Meeting during September 29 to
October 1, 2010. Prof. Dr. Giilsen Okten chaired the Organizing Committee, which
planned an outstanding meeting that brought together many international speakers
and Turkish stem cell researchers and trainees. Attendees at the meeting were treated
to outstanding Turkish hospitality at the University and at local restaurants.

In Turkey, stem cell research is one of the most rapidly growing areas in the
medical arena, and the enthusiasm of Turkish researchers for performing high-
quality studies of basic and translational stem cell biology is evident. One of the grati-
fying aspects of the meeting was the commitment and enthusiasm of the many young
trainees who attended, and I look forward to following their future development.

It was difficult to include in this book all of the subjects covered by the numerous
speakers who presented their work at the conference. Therefore, I have attempted to
cover representative areas that provide a good summary of the scope of the meeting.
I am grateful to all the contributors who helped make this volume a success. I am
confident that the book’s contents will be an invaluable addition to Springer’s Stem
Cells and Regenerative Medicine series.

It would have been impossible to put together this volume without the help of
Ms. Hande Ozturkatalay of Interium Turkey, who worked tirelessly to help me coor-
dinate the chapters for this volume. I thank her for her outstanding contribution.
I also thank Dr. Sibel Yildirim for facilitating my contacts with the contributing
authors and my editor Aleta Kalkstein (Springer US) for making this volume pos-
sible. I am also grateful to Renata Hutter of Springer US for doing an outstanding
job of addressing all the details that I missed.

Ottawa, ON, Canada Kursad Turksen
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Chapter 1
Impressions from the International
Stem Cell Symposium

Giilsen Okten

Abstract The importance of endogenous stem cells in homeostasis and repair of
various tissues is well recognized. However, their use as therapeutic tools in most
potential regenerative medicine applications is still at an early stage. The first
International Stem Cell Conference was organized by Ondokus Mayis University in
Samsun, Turkey to bring Turkish and international researchers together to discuss
recent developments, ongoing challenges, and potential solutions. The meeting
engaged not only established investigators but many trainees in diverse aspects of
stem cell biology and regenerative medicine. The enthusiasm expressed and multi-
disciplinary approaches described bode well for the future of basic science and
translational medicine.

1.1 Introduction

That stem cell studies and applications will have great repercussions in the world is
recognized. In fact, they comprise a subject that has excited both scientists and
patients in recent years. Following the results that we plan to obtain in the near
future, treatments with stem cell will perhaps qualify as the “greatest discovery in
the medicine field” in this century. In contrast to the news published in the media,
however, specialists point out that it is too early to make such a prediction. This is
because the stem cell studies that are presented as definitive treatments by the media
today are in fact still at the stage of trials or clinical research. While the scientists
continue their intensive stem cell research, they also organize meetings at definite
intervals to share the knowledge they obtain.

G. Okten (5)

Department of Medical Biology, Medical Genetic Branch, Ondokuz Mayis University,
Atakum/Samsun, Turkey

e-mail: gulsen@omu.edu.tr

K. Turksen (ed.), Adult and Embryonic Stem Cells, Stem Cell Biology 1
and Regenerative Medicine, DOI 10.1007/978-1-61779-630-2_1,
© Springer Science+Business Media, LLC 2012



2 G. Okten

The 1st International Attendant Stem Cell Symposium, which is accepted as one
of the most important meetings at the international level, was realized at Ondokuz
Mayis University Atatiirk Congress and Culture Center on September 29 to October
1, 2010 in Atatiirk’s city, Samsun. It was made possible by means of simultaneous
translation under the support of Ondokuz Mayis University and Samsum Stem Cell
Union. At the symposium, many national and international scientists found an
opportunity to share their experiences and background information about subjects
ranging from stem cell biology to ongoing clinical studies. Medical and ethical
subjects were also discussed, and there was a wide range of attendees, from interna-
tional leading researchers to students who sought education on the subject.

1.2 Brief Conference Report

Prof. Dr. Giilsen Okten, President of the Samsum Stem Cell Union and chairman of
the Symposium, gave the opening speech. She said that the conference aimed to
gather valuable scientists who perform basic and practical stem cell research in the
world in the hope of having an information exchange and lead the way for young
researchers. He also pointed out that we must emphasize activities encouraging sci-
ence in our country and award and support young scientists.

Inall, 14 scientists from seven countries (United States, Canada, United Kingdom,
Germany, Portugal, Italy, Iran), including 35 scientists from our country who are the
leading scientists in stem cell research and regenerative medicine field partici-
pated in the program as speakers. The main subjects of the symposium were
Mesenchymal Stem Cells, Cellular Treatment and Regenerative Medicine,
Embryonic Stem Cells, Pluripotent Stem Cells, Neural Stem Cells, Stem Cells in
Surgery, Stem Cells in Oncology, Stem Cells and Clinical Applications, Importance
of Basic Scientists, and Clinician Cooperation.

The participation and concern at the Congress were above expectations. The par-
ticipants had a chance to become acquainted with new techniques and approaches
that are being developed on the subject of stem cells and recent studies that are
being conducted throughout the world and in Turkey specifically. Very positive
feedback was obtained from the participants. The symposium targeted such areas as
establishing a bridge between researchers and implementers who work in different
disciplines, presenting views to young researchers and our colleagues about research
opportunities and issues, and obtaining information about stem cell and gene treat-
ment applications.

In addition, the specialists and researchers who attended the symposium stated
that the legal dimension of biological treatments and ethical values must be dis-
cussed. Important inferences that will determine the way these areas can be addressed
in our country were obtained.

There were nine panels and four conferences conducted with the question and
answer method during the symposium. In addition free proclamations and poster pre-
sentations and round table meetings went on for the 3 days, where stem cell studies
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and the future of stem cells were discussed. Participants from different branches of
interest, stem cell biologists, biochemical engineers, and clinical implementers dis-
cussed stem cells and gene treatments. Activities were followed with great interest.

Prof. Dr. Okten, chairman of the symposium, stated that with the support of the
Ondokuz May1s University Research Fund and cooperation of the Medical Biology
Department, Medical Genetic Science Branch, and Clinical Science Branches,
experimental studies at universities have been possible. The areas being addressed
are the effectiveness of mesenchymal stem cells on ischemic cerebral paralysis,
peripheral nerve damage, ischemic reperfusion damage, and thermal damage,
among others. A positive effect of mesenchymal stem cells for treatment of corneal
epithelial damage has proved successful in experimental studies. In addition, prepa-
rations to establish the OMU-Cell Center, which will carry out studies on “Stem
Cell Clinical Applications” at On Dokuz May1s University has begun and will be
presented to service in the near future.

The scientific announcement of the symposium was published on the main page
of the Stem Cell Review and Report (http://www.stemcellgateway.net/default.aspx),
an international magazine.

Awards was given to the winners of both best three oral and best two poster pre-
sentations, which were evaluated by the scientific committee at the end of the sym-
posium. The plaques were given by the Rector of Ondokuz Mayis University Prof.
Dr. Hiiseyin Akan, Dean of Faculty of Medicine Prof. Dr. Haydar Sahinoglu and
Ondokuz May1s University, Faculty of Medicine President of the Medical Genetics
Department, Chairman of the Symposium, and President of the Samsun Stem Cell
Society Prof. Dr. Giilsen Okten.

The winner of the first prize for best oral presentation was Specialist Dr. Ferda
Alpaslan from Ondokuz Mayis University Faculty of Medicine, Medical Biology
Department for “The mesenchymal stem cell in repairing of cornea epithelium, cre-
ationist growing factor, and otology serum use.” The names of the faculty in this
presentation were Prof. Dr. Giilsen Okten, Assoc. Prof. Dr. Tun¢ Fisgin, Assoc.
Prof. Dr. Umit Beden, Assis. Prof. Dr. Mehmet Kefeli, Assoc. Prof. Dr. Nurten
Kara, Prof. Dr. Feride Duru, and Assoc. Prof. Dr. Leman Tomak.

The winner of the second prize for best oral presentation was Dr. Gokhan Duruksu
from Kocaeli University, Stem Cell and Gene Therapy AUM, for “Can telomerase
enzyme activity be used as a pre-indicator in perpetual gene transplantation to
mesenchymal stem cells?” The names of the faculty in this presentation were
Dr. Ayca Aksoy, Dr. Alparslan Okgu, Dr. Giilgin Gacar, and Prof. Dr Erdal Karaoz.

The third prize for best oral presentation was shared by two presentations. The
first one was Dr. Osman Kelahmetoglu from Ondokuz May1s University Faculty of
Medicine, Plastic Reconstructive and Aesthetic Surgery Department, for “The effect
of mesenchymal stem cells and sildenafilin on flap viability in perforator base flaps
for ischemia reperfusion damage.” The names of the faculty in this presentation
were Prof. Dr. Giilsen Okten, Specialist Dr. Ferda Alpaslan Pinarli, Assoc. Prof. Dr.
Ahmet Demir, Researcher Rukiye Demir, Prof. Dr. Tolga Giiveng and Assoc. Prof.
Dr. Emine Duramaz. The second third prize winner was Dr. R. Seda Tiglh from
Hacettepe University, Department of Chemical Engineering for “The research of
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chondrogenesis potentials of stem cells in silk-fibroin tissue frameworks.” The
names of the faculty in this presentation were Dr. Sourabh Ghosh, Dr. Menemse
Gilimiigderelioglu, and David I Kaplan.

The winner of the first prize for best poster presentation was Dr. Ozlem Bingol
Akpinar from Marmara University Faculty of Medicine, Department of Biochemistry
and Marmara University Faculty of Medicine, Department of Hematology, for “The
megakaryocytic differentiation of hematopoietic stem cell in ex vivo.” The names of
the faculty in this presentation were Dr. Anne Marie Maurer, Dr. Cafer Adigiizel,
Dr. Mahmut Bayik, and Dr. Fikriye Uras.

The winner of the second prize for best poster presentation was Dr. C. Teoman
Karahasanoglu from Ondokuz Mayis University Faculty of Medicine, Medical
Biology Department, Medical Genetic Branch, for “The comparison of mesenchy-
mal stem cell application effects on the rat sciatic nerve damage in different times.”
The names of the faculty in this presentation were Prof. Dr. Giilsen Okten, Specialist
Dr. Ferda Alpaslan Pinarli, Assoc. Prof. Dr. Cengiz Cokluk, Assoc. Prof. Dr.
Kerameddin Aydin, Prof. Dr. Tolga Giiveng, Assoc. Prof. Sezgin Giines, and Prof.
Dr. Feride Duru.

1.3 Current Status of Stem Cell Studies

Stem cell research and their applications comprise one of the most important and
highly discussed subjects of the current science and technology agenda. These stud-
ies contain research that is attracting attention from many medical and basic science
fields as the studies provide information about formation mechanisms and genetic
structures of living beings. Stem cell research is developing rapidly and is providing
the opportunity for new cellular treatments in addition to updating and developing
basic information on cell biology. These studies are a highly competent model sys-
tem that lets us examine embryonic development mechanisms. With its superior
potential for tissue and organ renewal, it raises scientific and social expectations
related to “potential treatments” in the near future for patients with tissue damage or
loss for which definitive treatment methods have not yet been found.

Embryo-based stem cell studies are still being discussed on many platforms in
terms of their religious, legal, ethical, and hypothetical aspects because of such fac-
tors as the need to break an embryo when obtaining cells, the procedures used for
growing them and the feed lot preparations, histocompatibility problems, and the
risk of tumor formation in experimental animals when they are transplanted experi-
mentally. For this reason, stem cell studies are either prohibited in some countries
depending on their point of view or experimental research is permitted under con-
trolled permission. Both the scientific community and governments consider studies
on stem cells obtained from persons with their permission more positively.

Stem cell transplantation has been used for medical purposes against many diseases
in Turkey since the 1980s. Application of stem cells in regenerative medicine (i.e.,
in injured tissues for the purpose of reparation) has been discussed in recent years.
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In this regard, the results obtained in many countries are promising. Stem cell
studies in regenerative medicine will be epochal in the near future.

During the past 5-10 years, developments in this field have offered hope for the
many neuromuscular and degenerative diseases, such as amyotrophic lateral sclero-
sis (ALS), Parkinson’s, Alzheimer’s, and Huntington’s diseases, which today are
not curable with traditional treatment methods. The possibility of the use of stem
cell applications for treating heart attacks, chronic diseases, and organ transplanta-
tion in the near future are exciting. However, before these approaches can be used
in the clinic, the following problems must be surmounted: Which stem cells can be
used for which diseases? How can stem cells be given? Can we resolve this problem
by isolating stem cells from a person and transplanting them into the same person
when the disease is a genetic disorder? When transplanted cells start to form other
type cells instead of specific required cells, which functions should be edited? What
must be done to prevent an immune response to the transplanted stem cells? At this
stage, particularly ethical discussions about the cell type are continuing around the
world because stem cells can be obtained from embryos or growing humans.

The Turkish Ministry of Health, in two letters published and circulated in 2005
and 2006, prohibited human embryonic stem cell studies until necessary infrastruc-
ture and ethical conditions are established by preparing a convenient regulation.
It allows non-embryonic-based adult stem cell studies provided that they are in
conformity with the regulation determined within the framework of the circulated
letter.

As an alternative to the embryonic stem cell, in 2006 as a result of gene trans-
plantations (transcription factors) to fibroblast cells (skin) taken from rats by
Japanese scientists, it was proved that these cells could be transformed to
embryonic-like stem cells (the induced pluripotent stem cell, or iPS) by being repro-
grammed. In 2007, Japanese and American scientists simultaneously reported that
they had successfully produced embryonic-like stem cells from human skin cells.
In the scientific world it is thought that obstacles confronting cellular gene treat-
ment will be eliminated as a result of these scientific developments, especially for
clinical applications. However, in all the studies carried out so far, gene transplanta-
tion into the adult stem cell has been realized by means of viral vectors. As it is
possible for these vectors to jump inside the cells and establish mutation in the
genome, the embryonic-like stem cells that are reprogrammed with these methods
cannot be used for clinical purposes. A group of scientists successfully transplanted
the genes necessary for reprogramming mesenchymal stem cells obtained from
human teeth without using a viral vector. It was determined with laboratory experi-
ments that the gene-transplanted adult stem cells had a more rapid separation and
reproductive nature. With these reprogrammed cells, highly successful results were
obtained in the cell culture environment, and model animal experiments on wound
healing were undertaken. Based on the results, valuable stem cells can be easily
obtained from follicle precursor cells of wisdom teeth. This study also revealed that
the desired genes could be transplanted to follicles of wisdom teeth by means of non-
virus-origin vectors. Thus, reprogramming was possible and the obtained repro-
grammed cells could be used for the cell-gene treatment purpose. These results
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are hopeful, especially for diabetics whose wounds heal late. Adult stem cells
reprogrammed by means of nonviral methods are being tested in the other disease
models such as those for heart disorders, paralysis, Parkinson’s disease, and cancer;
and their treatment potential is being researched.

Only embryonic stem cells studies have been executed in countries with different
viewpoints under prohibition or controlled permission. Our Ministry of Health has
prohibited studies until the necessary scientific background is obtained, and then it
provides the opportunity for studies under the conditions that meet the required
regulations.

Because of the successful execution of hematopoietic stem cell applications
owing to many years of adult-type stem cell research, we have more information
about those kind of cells, making it easier to have applications in this area. Clinical
applications of hematopoietic stem cells and mesenchymal stem cells are ongoing.
Applications in the areas of cardiology and neurology are remarkable.

1.4 In Which Phase Are Stem Cell Studies in Regard
to Clinical Treatment?

The stem cell studies that are sometimes presented as a treatment method by the
media are in fact at an experimental phase (in areas outside of hematology). As a
result of the hematology studies, it has become apparent that stem cells can be used
not only to treat hematological disorders but also diseases that develop due to the
loss of cells. The specialists who participated in the stem cell symposium empha-
sized that although the stem cell studies are promising many of these studies are still
in the experimental phase. These researchers gave the following replies to the ques-
tions about the future of the stem cell.

o Will treatment of diabetes be possible with stem cell transplantation? Many
research studies are focusing on type 1 diabetes. Insulin production can be pro-
vided in rats. However, research on humans has not been completed. It is thought
that embryonic stem cells will be used in that field in the near future. Positive
results will be obtained in about 5 years at the earliest.

e Can stem cells be used to treat spasticity? There is ongoing intensive stem cell
research on diseases that cause brain damage, but there are no finalized studies in
humans. Spasticity is one of the most-studied subjects.

o Will diseases such as hypertension and obesity be treated with stem cells? These
diseases are systemic and treatable. For this reason, their treatment with stem
cells is difficult. Stem cell treatment will be used for such diseases as diabetes
and Parkinson’s in the future.

o Will stem cells be used to treat paraplegia? Although the animal studies related
to paraplegia are promising and have been published, they are still in the experi-
mental phase. Stem cell treatment of paraplegia in humans has not yet been
proved scientifically.
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o [s stem cell research promising for treating cancer? Cancer is a stem cell disease.
These cells exist everywhere. When they do not perform their duties or functions
correctly, some diseases occur. It is already known that hematopoietic cancers
are due to stem cell disease. There are positive data on whether cancers of solid
organs (e.g., liver, ovarian, prostate) are stem cell diseases. It is thought that
when something goes wrong with the stem cells responsible for continuance of
tissues or organs, the stem cells transform to cancer cells.

» What is the cancer—stem cell relation? Many options are available for treating
cancer, including chemotherapy and radiotherapy. An analogy may be the fol-
lowing: So far, we can kill the bees in the beehive—in other words, the cells—
but we cannot kill the queen bee—in other words, the tumor cells. For this reason,
even if one cancer-producing cell remains, the cancer can recur many years later.
The important thing here is that we find that cancer-producing stem cell and
destroy it. Researchers who are studying that matter focus on that issue. Some
researchers believe that they will completely change the treatment methods in
the world within a decade. At present, according to the pharmaceutical industry,
universities, and hospitals, the treatments can be restructured. During that period,
cellular treatment has an important place.

1.5 Preimplantation Genetic Diagnosis and Embryonic Stem
Cell Applications

When gene mapping of the human was completed, the passwords to many diseases
were solved. Many specialists agree that the most striking development of the future
will be treatment with stem cells. Many problems—from cancer to heart disorders
to problems of the disabled to eye disorders—will no longer exist. Nano-carriers are
considered another milestone. Thanks to medicine targeting, nano-carriers will
transport the medicine to the problem area and treat it directly, thereby preventing
the destruction of useful cells in other areas of body. Biotechnology and genetic and
cellular treatments are revolutionary developments of the twenty-first century.

Today, the information obtained after completion of the Human Genome Project
plays an important role in diagnosing genetic diseases, studying their types of for-
mation, and determining the proper medical treatment. When it was determined
during the embryo studies performed at the end of the 1990s that genetic informa-
tion could be obtained from an embryo during the implantation phase, a different
diagnosis—treatment approach was born.

Preimplantation genetic testing (PGT) is a genetic diagnostic process using sam-
ples obtained by oocyst or embryo biopsy before pregnancy. Advanced maternal
age, consecutive abortions, and repeated in vitro fertilization (IVF) failures are the
usual indications for chromosome testing. Single gene studies can be done indi-
rectly for all the autosomal and X-transmitted dominant and recessive diseases
by directly determining if there is a mutation in the family and/or identifying the
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chromosome that carries the mutation by using the genetic markers. In this group,
in addition to postnatal or early-age genetic diseases, there are genetic situations
that create maternofetal incompatibility, genes creating a cancer predisposition,
genetic diseases that arise at an advanced age, immune insufficiency diseases,
and genetic disorders that cause infertility. When parents who have a child with
B-thalassemia or Fanconi anemia and needs bone marrow transplantation, giving
birth to another child who is free of disease (determined by PGT) and with HLA
tissue compatible with the B-thalassemia child can be life-saving for the first child.

Using preembryos that have been determined by PGT to carry a genetic disease,
it is possible to obtain diseased human embryonic stem cells. They can then be used
to establish a cell series at a bank, where they can be characterized and used in
research projects on basic biology. The other potential advantage of this approach is
that it can be used in diagnosis and treatment of diseases. By using the obtained
research results, information about the basic biological grounds of genetic diseases
can be obtained; and new approaches to the diagnosis, treatment, and prevention of
these diseases can be developed. The results obtained when wider information about
the early embryonic development period is added to the information already known
about the basic biology will enable us to recognize new biological mechanisms and
to obtain more detailed information about the existing biochemical-genetic—
physiological treatments. This will also enable us to develop new pharmacological
and regenerative treatment methods and leap forward in many areas we do not rec-
ognize at present, thereby opening the door to the future.

During the preimplantation, prenatal, and postnatal periods, different stem cells
become active. During these processes, stem cells differentiate in different direc-
tions and are transformed to adult cells that have physiological functions on the one
hand and form the advanced phase adult stem cells on the other. The adult stem
cells, through advanced cell partitions, ensure continuance of stem cells like them
and form the advanced differentiating functional cells. Studies made on adult stem
cells ensured that treatments were developed that aimed at cellular replacement/
support in various tissues under the name of “regenerative medicine.”

Obtaining adult stem cells is easier than obtaining prenatal stem cells. Obtaining
stem cells during the uterine implantation period is especially difficult and requires
advanced techniques. While the pluripotent character of stem cells that belong to
that period gives them an ability to differentiate into all of the body’s cells, more
advanced stem cells have the ability to differentiate into only some cells. These
features of the human embryonic stem cells (hESCs) make them unique when com-
pared to other stem cells. Although hESCs can be also obtained by means of back-
ward differentiation of some adult stem cells, we cannot say that these cells
completely substitute for natural hESCs. This situation increases the importance of
formation of hESCs and their availability for research purposes. Finding new dif-
ferentiation factors that play a role in establishing different tissues with an hESC
series and more detailed determination of the places for existing ones in biological
mechanisms will ensure the development of new regenerative medicine applications
and pharmacological systems. The preventive and treatment approaches carried out
on genetic diseases currently comprise the most important place in health programs
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of developed countries. Standardized procedures must be established to ensure
collaboration between the experiments made in this rapidly developing field.
For this purpose, common-use cell banks are needed.

When genetic differentiation and polymorphisms in general of the society are
considered, the necessity of establishing many hESC series having different genetic
contents is clear. For a better understanding of genetic diseases, studies that subject
the gene to mutation by means of genetic engineering or make it inactive biologi-
cally is a frequently used method in genetic science at both the cellular and organ-
ism level. Thanks to that method, the cause-and-effect relation in a diseased
biological system can be better understood. For this reason, production of hESC
series containing a genetic disease—in addition to hESC series containing ordinary
genetic structure—is important.

To obtain hESC series containing a genetic disease, before the embryos estab-
lished by means of IVF are implanted in the uterus of the mother, PGT is done and
the diseased embryos are used. It was demonstrated that processes applied to
embryos with PGT do not have any effect on the development of the other embryos;
furthermore, the chance of getting pregnant with selected normal embryos is higher.
The number of centers that obtain the diseased hESC series using PGT is diminish-
ing across the globe. Turkey has internationally competent laboratories and person-
nel in this area, which gives us an advantage worldwide.

Establishing a new hESC costs about USD10,000. Maintenance of the estab-
lished hESC banks is also costly. The establishment phase of the hESC is important,
and it is generally not as well supported financially as it should be. Although some
financial support can be obtained for genetic research for the hESC banks because
of the newly enforced laws, there is financial distress regarding the establishment
phase of a new hESC series, which prevents the establishment of hESC banks in
sufficient number or that are rich enough in terms of genetic content. The other
problem is the difficulty in establishing joint studies with science groups capable of
performing genetic research and producing hESCs. As the methods used by the
centers to create hESC banks do not completely conform to the regulations that
permit use of these hESCs for the purpose of genetic research, difficulties occur
even in using the existing hESC series.

The final declaration of the symposium includes the following points.

* Human embryonic stem cell research, while ensuring the necessary ethical and
scientific control mechanisms, must be permitted.

* In parallel with The Scientific and Techonological Research Council of Turkey
(Tiibitak) vision 2023 report, stem cell and tissue-organ engineering studies must
be supported by the Turkish government (Tiibitak and DPT). Many preclinical
and clinical studies worldwide, established under the scope of regenerative medi-
cine, have demonstrated that in future years stem cell-based treatment and tissue
engineering applications will be converted to applicable treatment protocols in
many fields of medicine. In this context, many research groups abroad supported
by state or private enterprises are obtaining patents in that area. During the appli-
cation process of stem cell-based treatments, organizations that apply these
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treatment protocols will make serious resource transfers to the enterprises having
these patents. For this reason, Turkey must establish its physical infrastructure
for this newest field of medicine and make planned investments in the active
working groups so the process can evolve. These investments will be a model for
centers to be established in the future. It is must be noted that because of the
existing ethical and legal restrictions the only stem cell source that can be used
for cellular treatment and tissue-organ engineering is the mesenchymal stem cell
obtained from the bone marrow or fat tissue of patients. For this reason, organi-
zations such as Tiibitak, The Turkish Academy of Sciences (Tiiba), and the
Ministry of Health in Turkey must undertake some strategic planning in that field
and cooperate with the existing and to-be-established Research and Development
(AR-GE) centers and biotechnology companies.

Today, there are many disease groups that have expectations for stem cell treat-
ments. Many of these patients hope to be treated by going abroad and paying
serious money. It is because of the restrictions resulting from the existing situa-
tion in our country. With this regard, our Ministry of Health immediately inter-
vened in the situation and at least assigns and supports the centers that are capable
of conducting both preclinical and clinical studies. For instance, the Ministry of
Health must financially support a center that focuses on only one disease, com-
pletes experimental animal studies, and brings the process to clinical application.
It is hoped that with such planning results will be obtained more easily.



Chapter 2
Searching for In Vivo Traces of Mesenchymal
Stem Cells and Their Ancestors

Alp Can

Abstract Mesenchymal stem cells (MSCs) have been well identified in cultures
obtained from various human tissues. However, they give no clue as to their native
identity, frequency, or anatomical location. Based on in vivo and in vitro experimen-
tal studies, the most promising candidate for the MSC niche is the vicinity of blood
vessels. Capillaries to large-caliber arteries and veins house multipotent progenitor
cells that share many morphological, phenotypical, and developmental features with
freshly isolated or cultured MSCs. In this mini-review, results from our and other
laboratories are summarized and suggest that MSCs originate from tissue sites where
pericytes reside, although we do not rule out the possibility that only a small portion
of pericytes give rise to MSCs. Understanding the MSC niches can definitely help
us to take many parameters into account when designing isolation, expansion, and
differentiation protocols for using these cells in future therapeutic applications.

2.1 Introduction

A mesenchymal stem cell (MSC) is defined as a type of adult stem cell (ASC) with an
intrinsic potential to give rise to various types of mesenchyme-derived cells such as
osteoblasts, chondrocytes, adipocytes, myocytes, and others. This classic definition
of an MSC is still found in nearly every article trying to define these heterogeneous
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cell populations since the introduction of its concept by Caplan in 1991 (Caplan
1991). Historically, research involving cells currently referred to as MSCs dates back
to the 1960s and 1970s. Friedenstein et al. (1974) were the first to report that fibro-
blast-like cells elaborated from bone marrow (BM) via attachment to tissue culture
flasks were inherently osteogenic in rodents and rabbits. Initially, these cells were not
called MSCs (they were not even were termed stem cells) but were considered to be
fibroblastic precursors derived from an entity with unknown anatomical location in
the BM termed the colony-forming unit fibroblast (CFU-F) (Meirelles Lda and Nardi
2009). Later, the fibroblastic colonies derived from BM cells were found to be able to
differentiate into cells with characteristics of osteoblasts, chondrocytes, and adipo-
cytes (Phinney and Prockop 2007). Traditionally, MSCs refer to stem cells that are
also capable of producing blood cells. However, blood cells were found to derive
from a distinct cell population called the hematopoietic stem cells (HSCs) (Dexter
et al. 1977). This allowed MSCs to be classified as nonhematopoietic, multipotential
stem cells that are capable of differentiating into both mesenchymal and nonmesen-
chymal cell lineages.

The lack of consensus about the proper nomenclature needed to describe these
cells has resulted in an incorrect, but synonymous, use of the terms “marrow stromal
cell” and “mesenchymal stem cell” (Horwitz et al. 2005; Dominici et al. 2006).
Actually, stromal cells encompass all cells present in the BM that are not part of the
hematopoietic system. MSCs, on the other hand, correspond to that rare cell popula-
tion (MSCs represent only approximately 0.01-0.001% of the total nucleated cells
in isolated BM aspirates) that can give rise to mature cells of mesenchymal tissues.
A more adequate term for the large number of cell types with the potential to dif-
ferentiate into mesenchymal tissues would be “mesenchymal progenitor cells”
(MPCs), which would include cell types from a hierarchy immediately above the
pluripotent MSC but intermediate to that represented by mature mesenchymal cell
types. Another point of debate is the fact that the HSC is itself of mesodermic origin
and hence a type of MSC. For this reason, some authors prefer the term “nonhe-
matopoietic mesenchymal stem cell.” The fact that these cells may have alternative
differentiation pathways that go beyond the normal limits of mesoderm and ecto-
derm formation renders the term “mesenchymal” inadequate. Probably the best
nomenclature to define this cell type would be “adult nonhematopoietic stem cell”
followed by “plastic adherent, BM-derived stem cells.” All these concepts, however,
are already included when the term “mesenchymal stem cell” is used, and there is
a tendency to accept this terminology (Horwitz et al. 2005), even though it is
inadequate.

Clonal studies have shown that plastic adherent populations isolated from BM and
other sources are functionally heterogeneous and contain undifferentiated stem/pro-
genitors and lineage-restricted precursors with varying capacities to differentiate into
connective tissue cell types. Therefore, many unanswered questions remain about the
true nature and identity of MSCs, including location, origin, and multipotential
capacity. This review particularly aims to draw attention to the hypotheses and con-
crete findings related to the developmental origin and in vivo correlates of MSCs.
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2.2 In Vivo Correlates of Mesenchymal Stem Cells

Because of the difficulty of defining MSCs other than by the operational definition
of in vitro self-renewal and differentiation potential, our knowledge of MSCs is
based solely on the characterization of cultured cells. Cells bearing MSC character-
istics have been derived from different locations of the body including the BM,
adipose tissue, tendon, skin, bone, muscle, brain, liver, kidneys, lungs, spleen, pan-
creas, thymus, synovial membrane, and umbilical cord (reviewed in Salem and
Thiemermann [2010]). Those heterogeneous cell populations regarded as MSCs
derived from the various organs exhibited many characteristics in common despite
some differences regarding differentiation potential.

The confusion regarding the identity of the MSC in vivo and the apparent MSC
plasticity observed in vitro prompted researchers to determine the identity and the
location of the in vivo correlates of those cells in a living organism. Despite huge
number of studies related to MSC biology, they are still defined on an operational
basis—i.e., positive or negative selection of MSCs due to their cluster of differentia-
tion (CD) markers, their adherence to culture vessels, their ability to self-renew
(expand to a certain extent) and differentiate into at least three mesenchymal cell
types, known as golden standards (Dominici et al. 2006)—almost universally in all
laboratories. However, there are still serious challenges to identifying a unique pop-
ulation of MSCs from a specific organ because of the lack of definitive markers.
Some of the foremost cell surface markers (reviewed in (Meirelles Lda and Nardi
2009; da Silva Meirelles et al. 2008)), which would allow certain cell populations
isolated from the others using a cell sorting technology, are specific only in a par-
ticular context, or they are redundantly expressed by other stem cell types.

As clearly summarized by da Silva Meirelles et al. (2008), there may be three
scenarios to explain the origin of MSCs. The first hypothesis is that the MSCs exist
in only one specific tissue or organ (e.g., bone marrow), from which they exit and
circulate to other sites to replenish cell populations when they are needed. However,
there are consistent results that, under physiologic conditions, no MSC is present in
circulating blood (Lazarus et al. 1997; Wexler et al. 2003; da Silva Meirelles et al.
2006), but in the case of hypoxia MSCs may be mobilized to peripheral blood, a fact
that argues with the above hypothesis. The second assumption is based on the fact
that in addition to BM MSCs can be isolated from many fetal and adult tissues even
after the blood washed out from vessels prior to cell isolation (da Silva Meirelles
et al. 2006). Therefore, one might think of the fact that tissue-specific stem cells
from different sources might phenotypically and biochemically behave as MSCs
when characterized in vitro. The third possibility is that all MSCs from different
sources originate from or at least have common ancestor with perivascular cells
(i.e., the pericytes). This hypothesis has gained substantial support by emerging
evidence in recent years (da Silva Meirelles et al. 2006; Crisan et al. 2008, 2009;
Diaz-Flores et al. 2009; Zimmerlin et al. 2010), and it can explain why MSCs can
be isolated from many tissues, from head to toe. With this hypothesis, in the case of
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any tissue damage perivascular cells would give rise to MSCs, which would then
migrate to the injury site, proliferate if needed, and secrete bioactive compounds to
activate the autocrine and paracrine regulatory pathways.

2.3 Perivascular Mesenchymal Stem Cell Niche and Pericytes

Since Schofield first introduced the concept of a stem cell niche in 1978 (Schofield
1978), the niche concept has gained attention in regard to defining the specific ana-
tomical locations that regulate how stem cells participate in tissue generation, main-
tenance, and repair (Can 2008). The primary characteristic of a stem cell niche is the
ability to maintain a compartment of stem cells in an undifferentiated state (Scadden
2006). The niche also contributes a regulatory system, which maintains and governs
the location, adhesiveness, retention, homing (recruiting) and mobilization, quies-
cence or activation, rate of division, orientation of mitotic axes, types of division
(symmetrical or asymmetrical), and differentiation of the stem cells. The term “vas-
cular niche” is often used to define the BM microenvironment, where MSCs and
HSCs interact with vascular and/or nonvascular cells (i.e., reticular cells) around
BM venules; and “endosteal niche” refers to a microenvironment that serves as a
milieu for the interactions between osteoblasts and HSCs.

Perivascular cells in close association with capillaries were first noted almost
130 years ago by Eberth and then Rouget (reviewed in Hirschi and D’ Amore
[1996]). In 1923, Zimmermann introduced the term “pericyte” to describe these
cells as adjacent to capillaries in a variety of tissues and continuing with vascular
smooth muscle cells of arteries and veins, thus forming a continuous network
throughout the entire body. They are embedded in a basement membrane, which
surrounds the capillaries. Their long cytoplasmic processes penetrate the basement
membrane to go directly to the underlying endothelium. In a reciprocal manner,
endothelial processes penetrate the pericytes (Diaz-Flores et al. 2009; Tilton et al.
1979). The number of pericytes varies significantly in different tissues and among
different-sized vessels. In general, pericytes are more numerous and have more
extensive processes on venous capillaries and postcapillary venules (Simionescu
etal. 1976). Specialized pericytes in liver are called Ito cells, hepatic satellite cells,
or hepatic lipocytes (Pinzani 1995). Another organ-specific pericyte, the mesangial
cell, is found in the kidney glomeruli (Schlondorff 1987). In BM, cells exhibiting
pericytic characteristics are referred to as adventitial reticular cells (Funk et al.
1995) or myoid cells, as they express smooth muscle a-actin (Charbord et al. 1996;
Andreeva et al. 1998). The differences in distribution and structure among pericytes
suggest that they may have vessel- or tissue-specific roles. Hence, pericytes have a
variety of proposed functions, including regulation of capillary blood flow (Yemisci
et al. 2009), phagocytosis, and regulation of new capillary growth (Hirschi and
D’Amore 1996). One of the main and important functions has been raised since
1982, when it was demonstrated that these cells differentiate into mesenchymal cell
lineages (i.e., adipocytes, osteocytes, and chondrocytes) (Richardson et al. 1982;
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Table 2.1 Cell markers used to trace the pericytes mostly in ex vivo preparations

Marker Remarks Pericyte ~ MSC
a-SMA (smooth Displays expression differences between species + +
muscle o-actin)
3G5 antibody Particularly specific to microvessel pericytes + +
(ganglioside)
NG?2 (nerve/glial Proteoglycan found particularly in venule pericytes + +
antigen-2)
Desmin Intermediate filament protein specific to muscle cells — +
Nestin Type IV intermediate protein expressed mostly + +
in nerve cells
Vimentin Intermediate filament proteins especially found + +
in mesenchyme-derived cells
Stro-1 Antibody that recognizes bone marrow stromal + +
and erythroid cells
CD73 Also known as ecto-5'-nucleotidase originally + +

found in placenta, peripheral blood lymphocytes,
and endothelial cells
CD90 (Thy-1) Member of the immunoglobulin supergene family + +
and highly expressed in connective tissue and
various fibroblast and stromal cell lines

CD105 (TGFpB3 Also known as endoglin, it serves as the modulator + +
receptor) of cellular responses to TGFp1
CD146 (MUCI18) Member of the immunoglobulin supergene family + +
and shows subcellular localization at the cell—cell
junction
Angiopoietin-1 Group of growth factors that promote angiogenesis + -

and the formation of blood vessels from
preexisting blood vessels
Annexin AS Detects cells that have expressed phosphatidylserine  + -
on the cell surface, a feature found in apoptosis
and other forms of cell death

Many of the protein markers are shared by MSCs, strongly suggesting that the MSCs are derived
from pericytes or are even the same cells depending on the tissue of origin. Note that not all pericyte
markers are found in all pericytes

Diaz-Flores et al. 1991, 1992). Therefore, the notion that pericytes are the true
in vivo ancestors of various cells types has gained great support among the stem cell
field. Interstitial Leydig cells of the testis, which secrete testosterone, were also
shown to originate from pericytes after drug-induced Leydig cell death in an animal
model (Davidoff et al. 2004).

Recent studies (Shi and Gronthos 2003; Schwab and Gargett 2007; Covas et al.
2008; Zannettino et al. 2008; Robin et al. 2009) have documented the existence of
similarities between MSCs and pericytes. A series of cell surface or intracytoplas-
mic structural proteins—some of which are site-, tissue-, and species-specific—are
used to detect pericytes in vivo and in vitro (da Silva Meirelles et al. 2008; Crisan
et al. 2008, 2009). Table 2.1 summarizes those pericyte markers, most of which
were shared by MSCs.
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Human pericytes sorted from diverse sources regenerate muscle, bone, and even
skin in vivo and in organ cultures (Crisan et al. 2008; Paquet-Fifield et al. 2009;
Sarugaser et al. 2009). da Silva Meirelles et al. (2006) reported that MSC cultures
from decapsulated glomeruli were evidence that cultured MSCs are derived from
pericytes in vivo, as previously suggested (Brighton et al. 1992; Bianco et al. 2001).
Pericytes also behave as stem cells in vivo in periodontal ligament (McCulloch
1985), endometrium (Chan and Gargett 2006), and brain (Yamashima et al. 2004).
Crisan et al. (2008) demonstrated the similarities between MSCs and cultured peri-
cytes in terms of developmental potential. As with MSCs, pericytes were success-
fully differentiated into bone, cartilage, and fat cells when cultured under similar
inductive conditions. This evidence in addition to data concerning the behavior of
pericytes during tissue repair obtained from the literature (Richardson et al. 1982;
Diaz-Flores et al. 1992) and reports showing the broad differentiation capabilities of
MSCs, especially when in contact with mature cell types (Kopen et al. 1999;
Pittenger et al. 1999; Choi et al. 2005), provided a basis for the proposition of a
model in which pericytes are stem cells throughout the vasculature, contributing to
the replenishment of lost cells under physiological conditions and possibly assum-
ing a more active role during tissue injury (da Silva Meirelles et al. 2006).

In further support of this concept, intact pericytes in their tissue of origin natively
express the MSC markers CD44, CD90, CD73, CD105, and CD146 (Crisan et al.
2008; Schwab and Gargett 2007). This physical interaction between blood vessels and
multilineage progenitors may have been acquired early during evolution because a
population of vascular mural cells has also been described around the lateral dorsal
aorta and anterior mesenteric arteries of the developing zebra fish (Santoro et al. 2009);
and these cells share many of the morphological, molecular, and functional character-
istics of vascular smooth muscle cells and pericytes found in higher vertebrates.

In a study by McCulloch (1985), slow-cycling cells were observed more fre-
quently within a distance of 10 um from the blood vessels, whereas proliferating
cells were often more distant. The results also indicated that a small fraction of the
perivascular cells enter the cell cycle and migrate to a paravascular location, where
they undergo proliferation. A likely interpretation is that stem cells reside in a
perivascular location; at times, some of them divide perpendicularly in relation to
the blood vessel, giving rise to progenitor cells that take up a paravascular site.
There, the perivascular-born progenitors proliferate to provide differentiated prog-
eny. Depending on the results of the latter and other studies, it is therefore possible
to assume that under various physiological conditions pericytes serve as a reservoir
of cells responsible for tissue homeostasis. Under certain conditions, however, they
tend to proliferate and leave the niche to migrate to a site (Fig. 2.1) where they
undergo differentiation and/or execute many cellular tasks such as immunomodula-
tion, antiapoptosis, or antifibrosis by their physical interactions and/or by secreting
soluble factors.

In recent years, stem cells have been found to be severely influenced by local
oxygen concentrations in their niches (reviewed in (Mohyeldin et al. 2010)).
Comparison of human MSCs cultured in hypoxic versus normoxic conditions (2%
and 20% oxygen, respectively) showed that their proliferative capacity was better
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Fig. 2.1 Hypothetical model depicting in vivo pericyte—mesenchymal stem cell (MSC) traffick-
ing. In the perivascular region, considered a pericyte—-MSC niche (dark blue box), various factors
(i.e., growth factors, trophic factors, cytokines) and fibrotic/apoptotic signals, have an effect on
pericytes directly (blue cells) or through endothelial cells (pink cells). Hypoxic or ischemic condi-
tions directly influence pericytes through endothelial cells. Blood-borne immunological cells
(vellow cells) give secondary responses to ongoing processes. Upon induction, the pericyte exits
G, phase, enters into the cell cycle, and differentiates into an MSC. Presumably, asymmetrical cell
division results in forming two daughter cells: One is a candidate to differentiate into an MSC
(MSC in G, phase), and the other resides in the vicinity of the vessel wall to back up the existing
pericytes (Pericyte in G, phase), which will then give rise to a highly differentiated pericyte around
the vessel. Shortly after formation of the MSCs, they remains in the cell cycle and proliferate either
on the migration route or upon reaching the injury site (red box) where they exhibit therapeutic
effects and/or differentiate into tissue-specific cell types (green cells) by the aid of various tissue-
specific signals, such as hormones and growth factors

maintained in the former (Grayson et al. 2006). In addition, hypoxia at least doubled
the number of CFU-Fs present while enhancing the expression of Oct-4 and rex-1,
genes expressed by embryonic stem cells and thought to be pivotal in maintaining
their stemness. These data suggest that hypoxia enhances not only the proliferative
capacity but also the plasticity of MSCs. The mechanism of action of hypoxia on
MSC:s is currently unknown, although Oct-4 up-regulation by the transcription fac-
tor HIF-2a (hypoxia-induced factor 2a) is possible (Mohyeldin et al. 2010; Covello
et al. 2006). Recently, we have shown that ischemia induces sustained contraction
of pericytes on microvessels in the intact mouse brain (Yemisci et al. 2009).
Moreover, pericytes remain contracted despite successful reopening of the cerebral
artery after 2 h of ischemia. We also showed that the microvessel wall is the major
source of oxygen and nitrogen radicals that cause ischemia and reperfusion—induced
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microvascular dysfunction. Taken together, oxygen levels in the vessel wall
microenvironment may also alter pericyte behavior, which may in turn be associ-
ated with MSC metabolism.

The perivascular cell, as a general term, also implies cells apart from the peri-
cytes. The behavior of pericytes as stem cells in the testis (Davidoff et al. 2004) and
brain (Yamashima et al. 2004) does not reflect that expected for a mesenchymal
stem cell. This leads to a broader perspective, where perivascular stem cells are
distributed throughout adult tissues, and these can be viewed as MSCs in mesenchy-
mal tissues. This view does not necessarily imply that perivascular stem cells from
different tissues are equivalent despite their similarities. Andreeva et al. (1998)
demonstrated that among muscle cells and fibroblast cells that exhibit a 3G5 peri-
cyte marker are found all three layers of large, medium, and small arteries and
veins. They therefore concluded that pericytes are scattered throughout the entire
vasculature. However, in recent years it has been shown that cells that positively
label with several pericyte markers are also found in the vicinity of vessels or sites
far from the vessels. One of the best examples of this is the umbilical cord stroma,
which comprises three medium-sized vessels (two arteries and one vein) with no
prominent adventitia. Umbilical cord stroma cells were shown to share many mor-
phological, phenotypical, and functional features with BM-derived MSCs
(Karahuseyinoglu et al. 2007) and were successfully differentiated into many cells
types including neural precursors (reviewed in (Can and Karahuseyinoglu 2007;
Troyer and Weiss 2008)). Therefore, from a regenerative medicine point of view,
they are now considered a good source of cells for allogeneic transplantation. In
fact, two clinical trials (www.clinicaltrials.gov) have been started to examine the
therapeutic effects of these cells in two sets of patients having myeloblastic syn-
drome and aplastic anemia. From a physiological point of view, these myofibroblas-
tic cells might have the potential to serve as MSC-like cells during normal tissue
turnover in fetal life. Likewise, multipotent progenitors displaying an MSC pheno-
type and developmental properties have also been described in the bovine artery
wall (Tintut et al. 2003) and have recently been isolated from the tunica adventitia
of the human pulmonary artery (Hoshino et al. 2008). Corselli et al. (2010) reported,
as an unpublished finding, that they isolated cells from the stromal vascular fraction
of human adipose tissue that exhibited the same morphology, phenotype, and devel-
opmental potential of MSCs, although they did not express a well-known pericyte
marker CD146 (Schwab and Gargett 2007). In parallel to this finding, we analyzed
perivascular and intervascular (stromal region far from the perivascular compart-
ment) cells using a series of pericyte markers. Interestingly, cells of the perivascular
region displayed the whole set of antigens, whereas intervascular cells exhibited the
same antigens albeit in lower levels (Fig. 2.2). Given that both cell types success-
fully displayed many features of MSCs in other tissues, not only pericytes but also
nonpericytic cells can behave as multipotent progenitors that could be recruited
from tissues showing fetal mesenchyme-derived connective tissue. In other words,
as suggested by Caplan (2008), all pericytes are not MSCs. Undoubtedly, a portion
of the pericyte population would be highly differentiated cells to execute the given
tasks as mentioned above. Taken together, it is possible to conclude that cells of the
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Fig. 2.2 A series of pericyte markers are shown in human umbilical cord stromal cells, which are
thought to be fetus-derived MSCs having properties of both adult MSCs and embryonic stem cells.
Tissue sections taken from intervascular (/VC) and perivascular (PVC) stroma exhibit varying
degrees of pericyte markers. For instance, CD146 was markedly low in IVC stroma compared to
the PVC stroma, whereas NG-2 positivity is dispersed among the entire cell population in both
IVC and PVC stromal cells. o-SMA and desmin display more intense staining. Scale bars 20 pm

perivascular region serve not only for the sake of the vasculature but also as a niche
for the various types of stem cells including MSCs. Coming back to proper nomen-
clature to describe those cells: MSCs could be termed “perivascular stem cells.”

2.4 Lessons from Embryonic Stem Cell-Mesenchymal Stem
Cell Differentiation In Vitro

During the development of higher vertebrates, the mesoderm is not the only germ-
layer source of mesenchymal cells. For example, in the cranium, the facial bones,
jaws, and surrounding connective tissues are derived from the neural crest (NC). NC
cells arise from neuroectoderm just after the neural tube closure at days 25-27 in
humans. They undergo an epithelial-mesenchymal transition and migrate to diverse
regions, where they differentiate into various mature cell types. In the head and
neck, NC-derived cells also include nonneural, “mesenchymal” cell types such as
chondrocytes, myo/fibroblasts, vascular smooth muscle cells, odontoblasts, and
osteoblasts, as shown in mammalian and avian models (Le Douarin et al. 2008;
Nagoshi et al. 2009; Dupin et al. 2010).

When embryonic stem cells (ESCs) are cultured, preferably on a feeder layer,
they aggregate to form embryoid bodies (EBs), in which the cells are capable
of forming ectodermal, mesodermal, and endodermal derivatives. Therefore, suc-
cessful differentiation and characterization of ESC-derived MSCs could mimic the
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lineage-specific pathways on the route of ESC-MSC transition. In addition, ESCs
are easily genetically modifiable and can be produced in large numbers, thus offer-
ing a unique cell culture model to study the earliest steps of mammalian develop-
ment. Over the last decade, various mature cell types, some of which are functional,
have been shown to be derived in vitro from ESCs in mice and human (reviewed in
Billon et al. [2008]). Retinoid acid for osteoblast and chondrocyte differentiation
(Kawaguchi et al. 2005) and transforming growth factor-3 (TGFp) for myogenic
differentiation (Mahmood et al. 2010) were reported to be the key factors for quan-
titative induction of mesenchymal derivatives. One of the first attempts on human
ESCs (hESCs) was reported by Barberi et al. (2005), who successfully induced
hESCs to differentiate into CD73+ MSC precursors, which were then further dif-
ferentiated into adipocytes, chondrocytes, osteoblasts, and skeletal myocytes.
Strikingly, genome-wide expression of analysis showed a marked overlap of global
gene expression profiles between hESC-derived mesechymal precursors and human
bone marrow MSCs.

Although significant progress has been made to derive specific mesenchymal
cell types from ESCs, this system is still largely lacking defined culture conditions
and good cell-surface markers for the isolation of pure MSCs and mesenchymal
precursor populations. The molecular events leading to the formation of such popu-
lations remain unclear at present. However, based on recent reports, it is possible to
assume that several routes can be used to produce mesenchymal precursors and
their derivatives from ESCs, which are likely to involve either mesodermal or neu-
ral/NC intermediates. Different routes observed in the ESC system might mimic
normal development as mesenchymal precursors can be produced from the meso-
derm and the NC. The potential differences that distinguish mesenchymal precur-
sors of mesodermal or neural crest origin remain to be elucidated.

In 2007, an outstanding study by Takashima et al. (2007) revealed that Sox1+
neuroepithelial cells supply the earliest wave of MSC differentiation, which occurs
during embryogenesis, but these cells are later replaced by MSCs from other origins
during postnatal development. Their results, obtained using mouse ESCs, suggest
that in contrast to mesenchymal precursors true MSCs might exclusively originate
from a unique source, the neuroepithelium, rather than from the mesoderm, which
is generally believed to be the main source of MSCs. To confirm the relevance of
these unexpected findings in vivo, Takashima et al. (2007) assessed the origin of
MSC:s in sox1-gfp embryos. They isolated the trunk of these embryos at E9.5 and
purified neuroepithelial cells (Sox1+, GFP+) and mesodermal cells (Sox1—, GFP—,
PDGFRa+). They then tested the ability of these cells to give rise to proliferating
MSCs and adipocytes in vitro. They demonstrated that although both popula-
tions could give rise to adipocytes only neuroepithelial cells could generate
PDGFRa +MSCs. These data suggest that in mid-gestation embryos, as seen with
mESCs, trunk MSCs originate entirely from neuroepithelium, not from mesoderm.
To determine the correlation between Sox1+ neuroepithelial progenitors in E9.5
embryos and MSCs in later life, Takashima et al. (2007) then carried out a persistent
labeling of Sox 1+ neuroepithelial cells using sox1-cre/rosa26-yfp mice. Considering
the possibility that Sox 1+ cells give rise to MSCs via the NC, they also permanently
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labeled NC progeny using PO-cre/yfp mice (PO being a NC marker). The presence
of neuroepithelium/NC-derived YFP+/PDGFRa + cells was assessed in the trunk of
E14.5 embryos as was the presence of MSCs in this population. They found that
some of the PDGFRa +cells in the E14.5 embryo trunks of both genotypes were
also YFP+and thus were derived from neuroepithelium/NC. In addition, some of
these PDGFRa+/YFP +cells were MSCs. MSCs could also be established from
YFP-/PDGFRa +cells, suggesting that in contrast to E9.5 embryos MSCs in E14.5
embryos derive from both a neural/NC pathway and a nonneural pathway.

Takashima et al. (2007) then analyzed the contribution of these neural/NC-derived
MSC:s to the postnatal BM. They found that the proportion of YFP+/PDGFRa. +cells
in the bone marrow of neonates (P0O) was far lower than in the embryonic trunk in
both soxl-cre/yfp and PO-cre/yfp mice (0.032% and 2.39%, respectively).
Furthermore, although the YFP+/PDGFRa + population was able to generate genu-
ine MSCs, this population progressively decreased to negligible levels with aging
[0.0 021% and 0.35% for sox1-cre/yfp and PO-cre/yfp mice at P28 (post-natal day
28), respectively]. Finally, the frequency of PDGFRa+MSCs derived from
YFP +compared with YFP —populations was nearly the same. Thus, in neonatal and
adult bone preparations, MSCs were found within the PDGFRa + population, but
most of them derived from a nonneural/NC pathway.

Together, these results suggest that MSCs arise in multiple waves of distinct
origins: The first MSCs in the embryo, which are identifiable by the method
described by Takashima et al. (2007), are derived from neuroepithelium/NC. Later,
this early, but transient, population is eventually replaced by MSCs derived from an
as-yet-unidentified pathway. An important question raised by this study is what is
the other source of MSCs? Until recently, MSCs have been described to derive from
mesoderm, but the results presented by Takashima et al. (2007) strongly argue
against this hypothesis because YFP—/PDGFRao +somatic cells in sox1-cre/yfp
E9.5 embryos could not generate MSCs. The authors speculate, on the basis of
recent reports, that hematopoietic cells might constitute the progenitors of MSCs in
adult bone marrow. However, one cannot rule out the possibility that in vitro condi-
tions used in this study (2007) to measure the clonogenicity and the differentiation
potential of PDGFRa +cells were not appropriate for revealing the MSC potential
of mesoderm-derived cells. Conversely, this study did not test whether neuroepithe-
lium/NC-derived MSCs could form mesenchymal derivatives in vivo.

2.5 Conclusion

The last few years have witnessed a growing optimism by basic scientists and clini-
cians regarding the clinical application of MSCs for many disease pathologies.
Significant advancements have been made in in vitro and in vivo preclinical studies
using MSCs. However, unresolved issues such as the lack of conformity with respect
to isolation and ex vivo culture-expansion protocols and the heterogeneity by which
populations and subpopulations of MSCs are characterized continue to be obstacles.
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Therefore, the exact location and in vivo tracing of MSCs are far more important
than in past years. Identifying the origin of MSCs in vivo would not only allow us
to determine the in vivo state of the existing MSCs in a given organism, it would
open many avenues to manipulate these cells for regenerative or self-protective
purposes as in diseases such as cancer, Alzheimer’s disease, and Parkinson’s disease,
among others. There is little concern that MSCs are not entirely derived from
pericytes. However, the term pericyte has been used in its anatomical, literal sense,
without functional connotation. A growing number of studies indicate that
nonpericytes in the perivascular region may also play role in MSC biology.
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Chapter 3
Isolation and Identification
of Mesenchymal Stem Cells

Ilknur Kozanoglu and Erkan Maytalman

Abstract Adult bone marrow is a large organ composed of hematopoietic cells and
stromal support cells. Mesenchymal stem cells (MSCs) are stromal stem cells of the
bone marrow and the most preferred organ for isolation and proliferation of MSCs
is the bone marrow. MSCs grown in culture with appropriate cytokine support are
able to differentiate into various tissues such as bone, cartilage and adipose tissue.
Clinical use of mesenchymal stem cells has been increasing as they inhibit T lym-
phocyte proliferation in mixed lymphocyte cultures in vitro and suppress the immune
system through numerous soluble factors they release. Identification of these cells
and accurate determination of their phenotypic properties will contribute to the
understanding of their biological behaviors and increase reliability in clinical and
experimental practices.

3.1 Introduction

Mesenchymal stem cells (MSCs) are multi-potent precursor cells with high prolif-
eration and differentiation capacities (Dazzi and Horwood 2007; Deans and Moseley
2000; Pittenger et al. 1999; Abdallah and Kassem 2008). Since they originate from
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the stroma they act as “support cells” and have the potential to be used in many
areas of medicine (Fibbe and Noort 2003; Lazarus et al. 1995; Arthur et al. 2008;
Horwitz et al. 2002). However, they are scarce in tissues and the necessity of in vitro
proliferation in culture media is the major disadvantage of using MSCs in basic sci-
ence researches and clinical settings. In vitro proliferation in culture media leads to
changes in phenotypic, immunological and other biological properties of these cells
due to exposure to various stimulators and factors during passage in culture. There
is a risk of cell aging, cytogenetic disruption and although low, malignant transfor-
mation when cells are proliferated by passaging in culture media. Furthermore, the
difficulties in establishing high quality cell processing laboratories complying with
the internationally recognized accreditation requirements hinder the widespread use
of these cells in clinical settings.

The lack of a consensus on identification of MSCs is another problem for the
scientists working on these cells. Currently, there are many studies aiming to accu-
rately identify MSCs and the criteria established by The International Society of
Cell Therapy (ISCT) in 2006 are widely recognized and currently used for identify-
ing MSCs (Dominici et al. 2006). These criteria include the ability of adherence to
plastic surfaces, expression of stromal cell surface antigens, and the multi-potent
differentiation potential (Dominici et al. 2006). Nevertheless, lack of a specific anti-
gen for identification of MSCs is probably the most important issue.

MSCs were shown to have an important role in bone physiology, bone reforma-
tion and hematopoiesis (Dazzi et al. 2006; Anselme et al. 2002; Mackay et al. 1998;
Caplan 1991). There is growing enthusiasm for using these cells in clinical settings
due to their easy proliferation and high differentiation capabilities and immunosup-
pressive properties (Le Blanc et al. 2003a; Le Blanc and Ringden 2005; Chamberlain
et al. 2007; Ohishi and Schipani 2009; Le Blanc et al. 2003b; Le Blanc and Ringden
2007).

3.2 History and Definitions

Mesenchymal stem cells are the main cells of the connective tissue and may differ-
entiate into adipose, bone, cartilage and muscle cells. In addition, they represent the
origin of stromal cells which are the supportive cells in all tissues (Chamberlain
et al. 2007; Ohishi and Schipani 2009). These cells were first identified by
Friedenstein in 1976 (Friedenstein et al. 1976). Friedenstein identified cell colonies
which had adhesion ability, were similar to fibroblasts in morphology and were able
to differentiate into bone and fat cells in fetal calf serum (FCS) containing bone
marrow cultures (Friedenstein et al. 1970, 1976; Friedenstein et al. 1970; Chailakhian
et al. 2006). In subsequent studies, these cells were shown to be non-hematopoietic
and to have ability to differentiate into cells originating from all three germ layers.
Formerly called CFU-F (colony forming unit fibroblast) and “bone marrow stromal
fibroblasts,” these cells were then referred to as mesenchymal stem cells.
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The International Society of Cell Therapy (ISCT) recommended some criteria
for identification of human MSCs both for basic researches and pre-clinical studies
(Dominici et al. 2006). The primary features commonly used for identifying MSCs
are adherence to plastic surfaces, expression of stromal cell surface antigens, and
potential of multipotent differentiation. For these cells, ISCT suggested to use the
terms “mesenchymal stromal cells” or “multi-potent mesenchymal stromal cells”
(Pittenger et al. 1999; Verfaillie et al. 2002, 2003).

3.3 Sources of Mesenchymal Stem Cells

Bone marrow is one of the largest and most active organs in the body and the richest
source of stem cells for the organism. Bone marrow is also considered as the main
source of MSCs. An average of 2—100 MSCs were shown to be present in bone mar-
row aspirations for 1 x 10° mononuclear cells (Dazzi and Horwood 2007; Deans and
Moseley 2000; Abdallah and Kassem 2008; Caplan 1991; Chamberlain et al. 2007;
Ohishi and Schipani 2009; Pittenger 2008).

MSCs having similar morphological and biological properties can be isolated
from different tissues. Due to their adhesion properties, they can be isolated from
lipoaspiration materials (Vermette et al. 2007), cord blood (Han 2009; Bieback and
Kliiter 2007), cord stroma (Han 2009; Bieback and Kliiter 2007), amniotic fluid
(Tsai et al. 2004), placenta, synovial fluids, dental pulp and even from peripheral
blood and they can be proliferated (Deans and Moseley 2000; Abdallah and Kassem
2008; Verfaillie et al. 2002; Tsai et al. 2004; Haniffa et al. 2009; Huang et al. 2009).
Regardless of the tissues from which MSCs are obtained, they have many common
properties such as the ability to adhere to plastic containers for tissue culture, the
ability to differentiate, having fibroblastoid morphology, and having surface anti-
gens (Dazzi and Horwood 2007; Deans and Moseley 2000; Pittenger et al. 1999;
Abdallah and Kassem 2008; Dominici et al. 2006; Haniffa et al. 2009; Kozanoglu
etal. 2008, 2009). However, some studies showed that the differentiation ability and
functional properties may vary depending on the tissue of origin. Presence of MSCs
in the peripheral blood is controversial.

3.3.1 |Isolation of Mesenchymal Stem Cells

Preparation of MSC cultures from different tissues requires removal of erythrocytes
or establishment of cell suspensions for solid tissues (Abdallah and Kassem 2008;
Caplan 1991; Chamberlain et al. 2007; Meirelles Lda and Nardi 2009; Nolta 2006).
For preparation of cell suspensions from tissues other than bone marrow, enzymatic
isolation is performed. A mixture of collagenase type-1 enzyme and dispase are
frequently used for this purpose. Three methods are commonly used to obtain
MSCs from bone marrow: isolation by density gradient method, isolation by simple
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centrifuge and positive or negative selection (Abdallah and Kassem 2008; Caplan
1991; Chamberlain et al. 2007; Meirelles Lda and Nardi 2009; Nolta 2006).

The cells prepared as suspensions are transferred into culture containers (flasks
of T-25 and T-75) with culture medium and incubated in an incubator with a CO,
level of 5% at 37°C with 95% humidity. DMEM-LG, RPMI-1640 or alpha-MEM
containing 10-15% fetal bovine serum (FBS) is frequently used as the culture
medium (Meirelles Lda and Nardi 2009; Nolta 2006).

In our laboratory, we proved that cells cultured with RPMI-1640 medium showed
better proliferative properties than equal number of cells cultured with DMEM-LG
medium (unpublished data).

3.3.2 Physical Properties

MSCs are scarce in tissues, including the bone marrow. In vitro proliferation in
culture media is necessary to obtain sufficient amount of cells for use in clinical
practices and basic science researches. When examined under light and phase-
contrast microscopy, it was noted that MSCs grown in culture media were spindle
shaped and formed groups of cells like fibroblasts. Fibroblasts have an asymmetric
nuclear localization, whereas MSCs were shown to have a symmetric nuclear local-
ization (Pittenger et al. 1999; Vermette et al. 2007; Bobis et al. 2006).

3.3.3 Immunophenotypic Properties

The immunophenotypic properties of MSCs obtained from the bone marrow and
proliferated in culture were investigated in depth by flow cytometry (Huang et al.
2009; Kozanoglu et al. 2008; Haynesworth et al. 1992; Horwitz et al. 2005; Salem
and Thiemermann 2010; Simmons and Torok-Strob 1991). The ratio of cells posi-
tive for hematopoietic antigens such as CD45, CD34, CD14, CD19, CDI11b and
HLA class Il in the cell population should not exceed 2%. However, the cell popula-
tion should be positive for stromal associated antigens CD105, CD73, CD90, CD29
and CD44. Moreover, adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1),CD102 (ICAM-2), L-selectin (CD62L) and ICAM-3 (CD50) on the sur-
face of MSCs should be positive in various ratios. Co-stimulatory molecules such as
CD80, CD86 and CD40 are not expressed on surface of MSCs (Haynesworth et al.
1992; Horwitz et al. 2005; Salem and Thiemermann 2010; Simmons and Torok-
Strob 1991).

According to ISCT criteria, 95% or more of a MSC population should be posi-
tive for CD105, CD73 and CD90 antigens (Dominici et al. 2006; Horwitz et al.
2005). Also, these cells must be shown to be negative for antigens such as CD45,
CD34, and CD14 which are specific for hematopoietic cells (Dominici et al. 2006;
Horwitz et al. 2005). Currently, there is not a specific antigen for identification of
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MSCs. Therefore, we believe that showing positive and negative surface markers
simultaneously in the same tube by flow cytometry analysis will increase the reli-
ability of the study and enable performing an optimal analysis with lower number
of cells (unpublished data).

Recently, new antigens such as CD271 (nerve growth factor receptor), CD140b
(platelet derived growth factor receptor), CD340 (HER2/ErbB2), CD349
(Frizzled-9), MSCA-1 (Mesenchymal stem cell antigen-1; W8B2), GD2 (neural
ganglioside) and NG2 (chondroitin sulfate proteoglycan neuro-glial Ag 2 clone 7.1)
were identified (Kozanoglu et al. 2008; Biihring et al. 2007; Battula et al. 2008,
2009; Martinez et al. 2007; Xu et al. 2009).

3.3.4 Differentiation Properties

Another way to identify MSCs is to show differentiation capacities of the cells
in vitro (Dominici et al. 2006). MSCs can transform into adipocytes, chondrocytes,
osteocytes and neural cells with appropriate cytokine support (Deans and Moseley
2000; Pittenger et al. 1999; Abdallah and Kassem 2008; Arthur et al. 2008; Horwitz
et al. 2002; Anselme et al. 2002; Mackay et al. 1998; Caplan 1991; Salem and
Thiemermann 2010; Jackson et al. 2007; Lin et al. 2003). Showing differentiation
into at least two of three germ layers is considered as a proof that these cells may be
MSC:s. In differentiation studies, histochemical, immunohistochemical or immuno-
fluorescent methods are used to determine specific markers, to show whether the
targeted cell differentiation is present or not (Dominici et al. 2006; Nolta 2006). In
recent years, use of RT-PCR and DNA micro-array techniques for identification of
MSCs and their differentiation products has become widespread and therefore
quantitation of numerous non-specific proteins in mRNA level is achieved (Case
et al. 2010; Augello and De Bari 2010; Hosogane et al. 2010).

The ability of MSCs to differentiate into other cell lines, different from that of
their own has raised an interest particularly in fields related to regenerative medi-
cine, and therefore, many studies were conducted and collected under the title of
“stem cell plasticity” (Goodell et al. 2001; Mertelsmann 2000; Peterson 2002;
Stanworth and Newland 2001; Stocum 2001; Tsai et al. 2002).

3.4 Discussion

The therapeutic potential of MSCs has generated great interest and enthusiasm dur-
ing the last few years. MSCs can differentiate into different cell lineages and have
successfully been used to repair damaged or genetically defective tissues not only in
animal models but also in clinical trials. Mesenchymal stem cells have been pro-
posed to have immunosuppressive properties and reduced inflammation. Human
MSCs suppress lymphocyte alloreactivity in vitro in mixed lymphocyte cultures.



30 I. Kozanoglu and E. Maytalman

The lacking of a single specific antigen for isolating and defining MSCs, the
ambiguity of issues such as the ideal cell dose, the application route and the timing
limits use of these cells in clinical and experimental studies. However, MSCs are
preferred over other stem cells for tissue repair and cellular based treatments as they
are easy to obtain, have strong proliferation and differentiation capacity and may be
used for non-relatives.
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Chapter 4
Mesenchymal Stromal Cells and Umbilical Cord
Blood Transplantation

Chitra Hosing, Marcos de Lima, and Elizabeth J. Shpall

Abstract In recent years umbilical cord blood has become an important source of
stem cells for patients undergoing hematopoietic stem cell transplantation. Ease of
collection, ready availability, allowance of higher HLA disparity, and the lower inci-
dence of graft-versus-host disease makes cord blood an attractive source of stem
cells, especially for minority populations. One of the major limitations to wider use
of umbilical cord stem cells for transplantation in adult patients is the relative low
number of progenitor cells in the graft. This results in delayed engraftment, delayed
immune reconstitution, and increased rates of infectious complications. This can be
partly overcome by ex vivo expansion of cord blood stem cells. There are many
techniques for cord blood expansion currently being used in clinical trials, but the
optimal expansion protocol has yet to be defined. Here we discuss ex vivo expan-
sion using mesenchymal stromal cells.

4.1 Introduction

Hematopoietic stem cell transplantation (SCT) is curative in a wide variety of hema-
tological and nonhematological malignancies. However, only 30% of patients who
are candidates for SCT have suitable donors. Umbilical cord blood (UCB) stem
cells provide an alternate source of stem cells. The first successful cord blood trans-
plant was reported in 1989 by Gluckman et al. and since then more than 20,000 cord
blood transplantations have been performed worldwide in both pediatric and adult
patients (Gluckman et al. 1989; Rubinstein et al. 1998; Laughlin et al. 2001;
Gluckman et al. 2007; Kurtzberg et al. 1996; Herr et al. 2010).
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One of the major advantages of using UCB for stem cell transplantation is its ease
of collection and immediate availability. Transplants using UCB also result in signifi-
cantly lower rates of acute and chronic graft-versus-host disease (GVHD) (Rubinstein
et al. 1998; Gluckman et al. 1997), despite more human leukocyte antigen (HLA)
disparity between UCB units and the recipient. This is attributed to the lower number
and relatively naive repertoire of the cord blood T cells (Nitsche et al. 2007; Garderet
et al. 1998). However, it seems that the graft-versus-leukemia (GVL) effect is pre-
served, probably due to the unique natural killer (NK) subsets (Beziat et al. 2010).
UCB provides a significantly higher chance of finding a donor for minority popula-
tions, who are currently underrepresented in donor registries (Barker et al. 2010).

One of the major limitations of using UCB as a source of stem cells, especially
in adult patients, is the low cell dose available for transplantation. This may lead to
graft failure, delayed engraftment, and/or profound delay in immune reconstitution
and therefore significant morbidity and mortality. The total nucleated cell (TNC)
dose transplanted per kilogram of body weight of the recipient has been found to
correlate with outcomes. Patients weighing>45 kg who receive a single UCB unit
tend to have markedly prolonged time to neutrophil and platelet engraftment and
higher rates of graft failure. (Rubinstein et al. 1998; Laughlin et al. 2001; Migliaccio
et al. 2000; Gluckman et al. 2004; Cohen et al. 2010). As a consequence, UCB
transplantation is used more often in children (Gluckman et al. 1997, 2004) Even in
children who receive adequate cell doses, the engraftment is delayed when com-
pared to that with bone marrow or peripheral blood grafts (Kurtzberg et al. 2008;
Sawczyn et al. 2005; Martin et al. 2006), and there is delay in immune reconstitu-
tion (Szabolcs and Niedzwiecki 2007; Thomson et al. 2000; Komanduri et al. 2007),
suggesting that even in the optimal patient population the low stem cell dose infused
with UCB transplantation has negative effects on outcomes. Another disadvantage
of using UCB as the source of stem cells is the lack of cells available for posttrans-
plant therapy such as donor lymphocyte infusions.

Some of the approaches used to improve outcomes and extend the applicability
of UCB transplantation to adult recipients include transplantation of two cord blood
units (Weinreb et al. 1998; Barker et al. 2001, 2003; De Lima et al. 2002; Fernandez
et al. 2001); ex vivo cord blood expansion to increase the number of stem cells
transplanted (Shpall et al. 2002; McNiece et al. 2000); and strategies to improve the
homing capabilities of cord blood stem cells (Kollet et al. 2007; Ceradini et al. 2004;
Taupin 2010).

4.2 Ex Vivo Cord Blood Expansion

4.2.1 Ex Vivo Expansion Using Liquid Culture Media

Several strategies for ex vivo expansion of UCB are currently under investigation.
In static liquid expansion systems, UCB cells are cultured with combinations of
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cytokines, growth factors, and other growth-promoting compounds in various flasks,
bags, or containers. Shpall et al. expanded umbilical cord blood hematopoietic stem
cells (HSCs) ex vivo using liquid culture media and then used them for transplanta-
tion. They isolated CD34+ HSCs from one of the two fractions of the UCB unit and
co-cultured them with a cytokine cocktail [stem cell factor (SCF), thrombopoietin
(TPO), and granulocyte—colony-stimulating factor (G-CSF)]. A total of 37 patients
were given transplants with one expanded and one unmanipulated UCB fraction.
The resulting expansion increased the median total nucleated cell (TNC) dose
56-fold (range 1.03-278.0) and the median total number of CD34+ cells fourfold
(range 0.1-20.0). However, there was no significant difference in the times to neu-
trophil and platelet engraftment between the two groups (Shpall et al. 2002).

McNiece et al. (2000) developed a two-step, 14-day expansion protocol that
resulted in a TNC increase of 400-fold and CD34+ increase of 20-fold. The efficacy
of this technique was tested in a prospective clinical trial at the M. D. Anderson
Cancer Center. A total of 71 patients with hematological malignancies were ran-
domized for transplantation with two unmanipulated UCB units or one unmanipu-
lated and one expanded UCB unit using the above two-step strategy (De Lima et al.
2008). The median TNC expansion was 23-fold (0.44- to 275-fold) and the median
CD34+ expansion was 2.3-fold (0 to 957-fold). Patients undergoing a reduced-
intensity regimen who received an expanded UCB unit engrafted neutrophils in a
median of 7 days (range 4-15 days) versus 14 days (range 5-32 days) in those
receiving two unmanipulated units (P=0.05). At a median follow-up of 11.3 months
(range 2—49 months), 34 (48%) of the patients were still alive. Most of the patients
on the manipulated arm had some evidence of expanded UCB chimerism after the
transplant (7-82%), but by 14 months all patients had predominance of the unma-
nipulated cord. This suggests that expansion may affect the durability of the engraft-
ment by ex vivo expanded cells.

Modifications to this liquid ex vivo expansion technique have included attempts
to further optimize ex vivo culture conditions (Lazzari et al. 2001a, b; Filip et al.
2000; Vavrova et al. 1999; Mohamed et al. 2006; Piacibello et al. 1998; Yao et al.
2004) and the development of serum-free culture systems (McNiece et al. 2000;
Lazzari et al. 2001a; Yao et al. 2006). Other agents that may stimulate the prolifera-
tion of HSC are also under investigation, including tetraethylenepentamine (TEPA),
a copper chelator thought to modulate the proliferation and differentiation of primi-
tive hematopoietic progenitors (Peled et al. 2002, 2004a, b), histone deacetylase
inhibitors (e.g., valproic acid), which transiently block the differentiation of UCB
stem cells and thus enhance their proliferation (Young et al. 2004; Bug et al. 2005),
and glycogen synthase kinase (GSK)-3 inhibitors that are reported to maintain
pluripotency of stem cells (Sato et al. 2004). Delaney et al. utilized an immobilized,
engineered form of the Notch ligand Deltal with recombinant cytokines [SCF,
FLT-3 ligand interleukin-6 (IL-6), TPO, IL-3] to stimulate ex vivo UCB expansion
(Delaney et al. 2010). Ex vivo expansion could also be enhanced by manipulating
newly discovered signaling pathways such as Wnt, bone morphogenetic protein 4,
and Tie2/angiopoietin-1 and intracellular mediators such as phosphatase and tensin
homolog (Hofmeister et al. 2007).
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4.3 Ex Vivo Expansion of Umbilical Cord Blood Stem Cells
on Mesenchymal Stromal Cells

The hematopoietic microenvironment is composed of both hematopoietic and non-
hematopoietic components (Schofield 1983; Lemischka and Moore 2003; Fuchs
et al. 2004). The stem cell “niche” provides complex molecular cues that direct
hematopoiesis and are, in part, responsible for regulating the differentiation and
maturation of HSCs (Allen and Dexter 1984; Allen et al. 1984; Chang et al. 1989;
Dexter et al. 1973, 1990, 1977; Moore et al. 1979; Roberts et al. 1987; Yamazaki
et al. 1989; Gartner and Kaplan 1980; Hackney et al. 2002; Etheridge et al. 2004;
Kadereit et al. 2002; Rattis et al. 2004; Zhang et al. 2003; Majumdar et al. 1998,
2000). Mesenchymal stromal cells (MSCs) are undifferentiated, multipotential cells
that give rise to mesodermal tissue types, including bone, cartilage, tendon, muscle,
and fat (Deans and Moseley 2000; Toma et al. 2002). In addition, these MSCs
regenerate the mesenchymal marrow stroma itself (Banfi et al. 2001; Koc and
Lazarus 2001). These stromal cells constitute the connective tissue matrix in bone
marrow that interacts with endothelial cells and hematopoietic cells to provide the
microenvironment for promoting essential HSC functions including homing to mar-
row, proliferation, and differentiation (Deans and Moseley 2000). MSCs have been
found to secrete cytokines that influence hematopoiesis, including SCF, FLT-3
ligand, IL-6, IL-11, leukemia inhibitory factor (LIF), and thrombopoietin (Majumdar
et al. 2000; Haynesworth et al. 1996). Secretion of these cytokines undoubtedly
contributes to the UCB expansion seen in the MSC-CB co-cultures described below.
In culture, MSCs are characterized by a spindle-shaped, plastic, adherent morphol-
ogy. They are phenotypically characterized as HLA-I (ABC), CD105, CD73, CD90,
and CD166 positive and HLA-DR (II), CD80, CD31, CD34, and CD45 negative.
When cells are expanded ex vivo in liquid culture media, they lose the support and
regulations provided by the microenvironment and receive only the specific cytok-
ines and growth factors provided in the culture medium. This could potentially drive
differentiation at the expense of self-renewal. Third-party allogeneic MSCs have
been shown in NOD-SCID mice to promote engraftment of UCB CD34+ when co-
administered (in’t Anker et al. 2003; Noort et al. 2002) and to possess immuno-
modulatory activity (Ahrens et al. 2004; Le Blanc et al. 2003a, 2004; Gotherstrom
etal. 2004; Le Blanc 2003; Rasmusson et al. 2003; Le Blanc et al. 2003b; Gotherstrom
et al. 2003). UCB in itself is a poor source of MSCs (Wexler et al. 2003), but a
recent study suggested that MSCs from the Wharton’s jelly of umbilical cords
demonstrated surface receptors similar to those of other MSCs; thus, they may be
able to support UCB expansion (Bakhshi et al. 2008). Preliminary results indicate
that co-culture of UCB with MSCs can restore some of the interaction that occurs
between the microenvironment of the marrow stroma and the HSCs (Hackney et al.
2002; Etheridge et al. 2004; Kadereit et al. 2002; Rattis et al. 2004; Zhang et al.
2003). Foci of hematopoiesis and cobblestone areas are visible during co-culture
(McNiece et al. 2004), demonstrating that direct HSC-MSC interactions are occur-
ring and that the MSCs are not simply acting as a feeder layer.
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Fig. 4.1 Comparison of total nucleated cell (TNC) and Hematopoietic Progenitor Cell (HPC)
output after a 14-day ex vivo liquid culture of CD133 +-selected cord blood (CB) cells (solid bar)
and 14-day ex vivo cord blood mesenchymal stem cell (CB-MSC) co-culture (shaded bar). Colony
forming unit (CFU), CD133+, CD34+, and Cobblestone area-forming cells (CAFCs) were assayed
at weeks 2 and 6 of culture. Data are shown as the mean+SEM (ex vivo liquid culture, n=11; ex
vivo CB-MSC co-culture, n=6). Ex vivo CB-MSC co-culture generated TNC numbers that
were > 13-fold (P=0.0005), CFU numbers that were >25-fold (P=0.0002), CD133+ cell numbers
that were>sevenfold (P=0.01), CD34+ cell numbers that were>14-fold (P=0.003), CAFC_,
numbers that were>200-fold (P=0.006), and CAFC_  numbers that were>44-fold (P=0.009)
those obtained following ex vivo liquid culture. These data demonstrate the superior TNC and
HPC expansion obtained following ex vivo CB-MSC co-culture compared with ex vivo liquid
culture of CD133 +-selected CB cells (Reprinted by permission from Macmillan Publishers Ltd:
Bone Marrow Transplantation, Robinson SN, et. al. 37,359-366 ©2006)

For stromal co-culture, mononuclear cells (MNCs) are isolated by density sepa-
ration and co-cultured with established MSC monolayers in medium containing
fetal bovine serum (FBS) and a growth factor cocktail (e.g., SCF, TPO, and G-CSF)
(McNiece et al. 2004) The nonadherent cells are removed from the co-culture after
7 days and subjected to secondary expansion on an additional MSC monolayer. The
original adherent layer, composed of MSCs and HSCs, is re-fed with fresh medium
containing growth factors. Culture is then continued for an additional 7 days (total
14 days). A tenfold increase in total nucleated cells, a 17-fold increase in committed
progenitor cells (granulocyte-macrophage colony-forming cells, or GM-CFCs), a
3.5-fold increase in primitive progenitor cells (highly proliferative potential colony-
forming cells, HPP-CFC), and a 16- to 37-fold increase in CD34+ cells has been
reported using co-culture expansion (McNiece et al. 2004). It may prove clinically
beneficial to reinfuse both nonadherent and adherent cells from the expansion pro-
cess as the MSCs not only can aid engraftment but can provide immunomdulatory
effects. When compared to liquid culture, UCB-MSC co-culture requires less cell
manipulation, resulting in less initial HSC loss and a markedly improved TNC dose
and HSC output (Fig. 4.1) (Robinson et al. 2006).



38 C. Hosing et al.

Thaw & wash
unmanipulated CB
(CB#2)
Day 0
Dav -14 Infuse unmanipulated CB (CB#2)
Thaw & AND
wash CB#1 Ex vive expanded CB (CB#1)
i Ex vive CB#1-MSC co-culture expansion for 14 days
1 1 1 1 1 1 I I I 1 I 1 1 1 1 1 1 LI |
T 1 f T T 4 0 inE>
G-CSF

Dav —8 to -2 High dose therapy

Fig. 4.2 Treatment schema

Based on the above preclinical results, a clinical trial is underway at M. D.
Anderson Cancer Center using a UCB unit expanded on MSCs combined with an
unmanipulated UCB unit. Initially, bone marrow from a family member (minimum
2/6 HLA match) was used as the source of MSCs. Approximately 100 ml of bone
marrow is aspirated, and confluent MSCs are generated over approximately
21 days. The UCB unit with the lower TNC dose is thawed, washed, and divided
into ten equal fractions. Each fraction is placed in a flask containing >70% conflu-
ent MSCs and cultured in ex vivo expansion medium. Following incubation for
7 days at 37°C, the nonadherent cells are collected from each flask. The content
of a single flask is then placed in a 1-1 Teflon-coated culture bag and cultured for
an additional 7 days (14 days total). The flasks are then re-fed and incubated as
well. Patients receive chemotherapy as shown in Fig. 4.2. On day 0, unmanipu-
lated UCB unit is infused, followed by the expanded UCB cells (from both the
bags and the co-culture flasks). A median expansion of 12-fold was seen in both
the TNC dose and the CD34+ subsets (de Lima et al. 2009). This resulted in a
mean expanded TNC dose of 5.7 x107/kg and CD34+ cell dose of 3.8 x 10°/kg
which represents a significant increase when compared to the dose achieved in
our previous expansion studies. Thus, the patients received a combined TNC dose
of 9.5x107/kg and a CD 34+ cell dose of 8.2 x 105 CD34+/kg (manipulated plus
unmanipulated unit). Recipients of myeloablative therapy, engrafted neutrophils
in a median of 14.5 days (range, 12-23) and platelets in 30 days (range, 25-51).
Although promising, the generation of MSCs from a patient’s family member is
time consuming. It takes an average of 3 weeks to generate the MSC and another
2 weeks to perform CB MNC/MSC co-culture expansion thus delaying the
transplant for 5 weeks after enrollment in the study. Moreover, an appropriate
family member is not always available to donate marrow. This protocol was later
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modified to utilize third-party (“off the shelf”) mesenchymal progenitor cells
(MPCs) from Angioblast Systems, Inc., (New York, NY, USA) (n=24). For ex
vivo expansion, one vial of Angioblast™ MPCs was thawed and expanded to
confluence in ten flasks within 4 days. The UCB unit with the lowest TNC dose
was then thawed and divided into ten fractions. Each fraction was placed in a flask
containing the confluent layers of MSCs in expansion medium with SCF, FLT3,
G-CSF, and TPO. After 7 days at 37°C, the nonadherent cells were removed from
each flask, placed into each of ten 1-l1 Teflon-coated culture bags (American
Fluoroseal, Gaithersburg, MD, USA), and cultured for an additional 7 days
(14 days total). Also, 50 ml of medium/growth factors was added to the flasks to
culture the remaining adherent layer during that time period. On day 14, the cells
from the bags and the flasks were combined, washed, and infused along with a
second unmanipulated UCB unit.

Using off the shelf MPCs from Angioblast Inc., a median 14-fold (range,
1-30) for TNC and 40-fold (range, 4—140) for CD34+ was obtained which com-
pares favorably to that seen with MSCs derived from haploidentical family
members. A total of 32 patients with refractory hematological malignancies have
now been treated on this study. Preliminary results are encouraging (De Lima
et al. 2010).

Optimization of stromal co-culture methods continue. It includes defining the
ideal growth factor cocktail, the length of MSC and HSC cell co-culture for most
effective expansion, and the development of more effective stromal cell lines to sup-
port the HSC expansion (De Angeli et al. 2004).

In most studies of transplantation using both the expanded and unmanipulated
UCB units, the long-term chimerism analysis shows engraftment with the unma-
nipulated UCB unit. This has raised concerns that during ex vivo expansion one
may be selectively expanding a subset of stem cells that are capable of short-term
reconstitution at the expense of long-term reconstituting stem cells. This could
result in initial hematopoietic recovery followed by later graft failure (Holyoake
et al. 1997). However, it could also be utilized to provide faster short-term engraft-
ment, which can reduce the early deaths associated with UCB transplantation. The
unmanipulated UCB would provide sustained long-term hematopoiesis (Pecora
et al. 2000).

Some investigators have suggested that ex vivo expansion may be associated
with cell cycle abnormalities (Glimm et al. 2000), acquired homing defects (Ramirez
etal. 2001; Zhai et al. 2004), and induction of apoptosis (Liu et al. 2003). In contrast,
Piacibello et al. observed evidence of self-renewal and amplification of HSCs during
ex vivo expansion (Piacibello et al. 1999). Lewis et al. reported that UCB cells are
capable of engraftment in primary, secondary, and tertiary xenogeneic recipients and
were preserved following ex vivo expansion (Lewis et al. 2001). Guenechea et al.
reported a delay in engraftment in a mouse model, suggesting that more primitive,
less rapidly engrafting cells may be preserved during ex vivo expansion (Guenechea
et al. 1999). Zhai et al. showed that short term ex vivo expansion did not affect the
homing of HSCs (Zhai et al. 2004).
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4.4 Co-transplantation of Umbilical Cord Blood Stem Cells
and Mesenchymal Stromal Cells

Another approach to facilitating engraftment is co-transplantation of HSCs and
MSCs. MSCs can be transplanted across the HLA barrier because of their low
immunogenicity. Allogeneic MSC co-administration has been shown to promote
engraftment of human CD34+ cells in NOD/SCID mice (in’t Anker et al. 2003) and
fetal sheep (Almeida-Porada et al. 2000). Co-infusion of ex vivo expanded “third
party” (nondonor, nonrecipient) bone marrow-derived MSCs and HSCs from
peripheral blood and bone marrow has been tested in pilot studies (Ning et al. 2008;
Ball et al. 2007). In a randomized clinical trial, patients received HSCs from HLA-
identical siblings with or without MSCs. The median number of MSCs infused was
3.4x10°/kg (range 0.3—-15.0x 10°/kg). The MSC infusions were well tolerated. The
median time to neutrophil engraftment was 16 days for the MSC group and 15 days
for the non-MSC group. The median times to platelet engraftment were 30 and
27 days, respectively. Grade II-IV acute GVHD was observed, respectively, in
11.1% and 53.3% of evaluable patients. Chronic GVHD was found in 14.3% and
28.6% of evaluable patients, respectively. Unfortunately, the relapse rate was higher
in the MSC group (60% vs. 20%). The authors concluded that co-transplantation of
MSCs and HSCs is feasible and may prevent GVHD, but the higher relapse rate was
a concern (Ning et al. 2008). MacMillan et al. co-administered haplo-identical
parental MSCs and a single UCB unit to eight children. Three patients received the
second dose of MSCs on day 21. All eight patients achieved neutrophil engraftment
at a median of 19 days. At a median follow-up of 6.8 years, five patients were alive
and disease free (Macmillan et al. 2009). In another study, the “third-party” expanded
MSCs and cord blood HSCs were co-administered to nine patients. The outcomes
were compared to those of 46 patients who did not receive MSCs. No significant
differences in engraftment or incidence of acute GVHD were observed. No adverse
events were reported with MSC infusion. Two patients in the MSC group developed
steroid-refractory grade II acute GVHD, but therapeutic infusion of MSCs resulted
in complete resolution of the GVHD (Gonzalo-Daganzo et al. 2009).

4.5 Conclusions

The ultimate goals of ex vivo expansion of cord blood are to generate sufficient
numbers of HSCs to optimize the graft available for transplant and to generate
higher numbers of lineage-committed progenitor cells that, although transient,
would allow rapid recovery from pancyotpenia, thereby decreasing early morbidity
and mortality. At the present time, combining expanded and unmanipulated prod-
ucts may provide the best product for transplantation. Use of MSCs for ex vivo
expansion of UCB for SCT is relatively safe, and recent results suggest that out-
comes may be better than using unmanipulated units alone. MSCs may also be
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co-transplanted with UCB-HSC to facilitate engraftment. Ex vivo expansion of
UCB may also provide additional cells that may allow adoptive immunotherapy or
gene transfer therapy in the setting of UCB transplantation. However, many ques-
tions remain, and ongoing clinical trials should answer some of them.
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Chapter 5
Immunoregulatory Functions of Mesenchymal
Stromal Cells

Ferit Avcu

Abstract In vitro and in vivo studies have demonstrated that mesenchymal stem
cells (MSCs) are not immunogenic and do not have immunomodulatory effects.
MSCs do not express class II antigens, FAS ligand, or co-stimulator molecules
(CD80, CD86, CD40, CD40L). They have low expression of primary human leuko-
cyte antigens (HLA-I). In vitro, MSCs in bone, cartilage, muscle, or fat differentiate
in the case of HLA-I expression but do not express HLA-II antigens. However, the
immunogenic effects of in vivo differentiated MSCs are controversial. MSCs sup-
press naive T lymphocytes, memory T lymphocytes, effector T lymphocytes, B
lymphocytes, and natural killer (NK) cell functions. They are ineffective against the
natural immune response of T lymphocytes. In the presence of antigen-presenting
cells or antibodies, the addition of MSCs to a culture medium that includes HLA
mismatch lymphocytes prevents T-lymphocyte stimulation. MSCs increase with
B-lymphocyte viability in vitro and suppress interleukin-2 (IL-2)-related NK cell
proliferation and the effector functions of NK cells. MSCs partially reduce the
expression of major histocompatibility complex II and CD40 and CD86 co-stimula-
tory molecules from mature dendritic cells (DCs) by secreting a high rate of IL-6
and vascular endothelial growth factor and thus suppress DC-mediated T-lymphocyte
proliferation.
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5.1 Introduction

Mesenchymal stromal cells (MSCs) are multipotent cells that were first recognized
more than four decades ago by Friedenstein et al. (1968). These cells were described
as a population of adherent cells in several human tissues that were nonphagocytic,
exhibited a fibroblast-like appearance, and could differentiate in vitro into bone,
cartilage, adipose tissue, tendon, and muscle (Friedenstein et al. 1968). On culture
at low density either as whole bone marrow or following separation over a density
gradient, the cells formed characteristic colonies derived from a single precursor,
referred to as colony-forming unit fibroblast (CFU-F). MSCs are identified by their
adherent properties, immune phenotype, and differentiation potential. MSCs have
emerged as a promising therapeutic modality for tissue regeneration and repair
because of their ability to migrate to sites of tissue injury (Aggarwal and Pittenger
2005). MSCs are known to secrete a number of cytokines and regulatory molecules
implicated in various aspects of hematopoiesis. In addition to providing critical
growth factors, MSCs display immunosuppressive properties that might facilitate
engraftment (Fibbe et al. 2007). Several in vitro studies have demonstrated their
immunosuppressive capacities, and animal studies have indicated that MSCs also
have immunosuppressive capacities in vivo. The mechanisms underlying these
effects of MSCs have not been clearly identified.

5.2 Mesenchymal Stem Cells and the Hematopoietic
Stem Cells Niche

Multipotent MSCs are part of the highly specialized “microenvironment” participat-
ing in the regulation of hematopoietic stem cell (HSC) survival, quiescence, and,
upon specific triggers, differentiation into mature elements. A review article dis-
cussed some areas of growing interest in MSC biology, including their contribution
to the HSC niche (Valtieri and Sorrentino 2008). The supportive interaction of MSCs
with hematopoietic progenitors in the bone marrow is well exemplified by the fun-
damental influence of the former cells on early B-cell lymphopoiesis (Uccelli et al.
2006). The close interaction between early B cells and bone marrow stromal cells is
crucial for the normal development of progenitor B cells and is supported by cytok-
ines including interleukin-7 (IL-7), stem cell actor, Flt3 ligand, thymic stromal lym-
phopoietin, and CXCL12 (Bertrand et al. 2000). Several molecules involved in the
constitution of the HSC niche synapse (e.g., Gal-1, angiopoietin-1, osteopontin,
thrombospondin-1, thrombospondin-2) are highly expressed by MSCs displaying
immunomodulating capacity. MSC also express various adhesion molecules, includ-
ing several integrins (Majumdar et al. 2003). This feature is consistent with their
ability to establish firm adhesive interactions with hematopoietic progenitors inside
the HSC niche. In addition, molecular cross-talk between HSCs and the cellular
constituents of the niches is thought to control the balance between HSC self-renewal
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and differentiation, indicating that future successful expansion of HSCs for therapeutic
use will require three-dimensional reconstruction of a stem cell-niche unit (Wilson
and Trumpp 2006). These data support that the hypothesis that MSCs play a direct
role in the hematopoietic cells inside the bone marrow stem cell niche.

5.3 Immunological Phenotype and Functions of Mesenchymal
Stem Cells

Mesenchymal stem cells can be easily isolated and expanded through passages in
plastic culture flasks, where they grow as adherent cells in an appropriately enriched
medium, reaching confluence at time intervals related to density (Delorme and
Charbord 2007). However, these progenitor cells are capable of differentiating
toward different lineages and do not appear to represent a homogeneous population
of stem cells (Horwitz et al. 2005). The isolation of MSCs from primary tissue is
hampered by the limited selectivity of available markers. Despite the lack of MSC-
specific markers, human MSCs do not express the hematopoietic markers CD34,
CD14, or CD45, whereas they are positive for CD44, CD71, CD73, CD90, and
CD105 (Delorme and Charbord 2007). MSCs also produce a variety of growth fac-
tors, cytokines, chemokines, and proteases that are likely to play a role in their
immunomodulatory or their migratory function (Kim et al. 2005; Son et al. 2006;
Le Blanc and Ringden 2005).

The MSC:s are profoundly influenced by microenvironmental factors and respond
to some inflammatory cytokines such as IL-1b, IL-17, and interferon y (IFNy) and
is capable of significantly affecting their function. In this context, it is worth stress-
ing that although under some circumstances IFNy appears to enhance the immuno-
suppressive activity of human MSCs (Huang et al. 2006; Krampera et al. 2006),
overall, as suggested by in vitro and in vivo experiments, the functional behavior of
MSC:s is the result of the combined effect of soluble factors and of mechanisms
mediated by cell-to-cell contact.

5.4 Mesenchymal Stem Cells and T Lymphocytes

The MSCs play a crucial role in the development and differentiation of the lympho-
hematopoietic system by secreting a number of growth factors and regulatory cytok-
ines and by promoting cell-to-cell interactions (Locatelli et al. 2007). T lymphocytes
(T cells) are a major executor of the adaptive immune response, and numerous stud-
ies have demonstrated that MSCs modulate the function of T cells (Salem and
Thiemermann 2010). MSCs suppress proliferation of activated lymphocytes in vitro
in a dose-dependent, non-HLA-restricted, manner (Klyushnenkova et al. 2005).
T cells were differently affected by allogeneic MSCs depending on the extent of
proinflammatory conditions by adding high concanavalin A (ConA) concentrations
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or proinflammatory cytokines such as IFNy, IL-2, and tumor necrosis factor o
(TNFa) (Renner et al. 2009).

Most MSC-mediated immune suppression on activated T cells has been attrib-
uted to the secretion of antiproliferative soluble factors, such as hepatocyte growth
factor, prostaglandin E,, transforming growth factor-B1 (TGFB1), indoleamine
2,3-dioxygenase (which causes depletion of tryptophan, an essential factor for lym-
phocyte proliferation), nitric oxide, and IL-10 (Le Blanc and Ringden 2006; Uccelli
et al. 2007; Krampera et al. 2003; Di Nicola et al. 2002; Le Blanc et al. 2003a, b, c;
Maccario et al. 2005a, b). MSCs inhibit naive and memory T-cell responses to their
cognate antigens. However, the expression of major histocompatibility complex
(MHC) molecules and the presence in culture of antigen-presenting cells (APCs) or
of CD4+/CD25+ regulatory T cells were not required for MSCs to exert inhibition
(Krampera et al. 2003). MSC-mediated inhibition of alloantigen-induced DCI1 dif-
ferentiation and preferential activation of CD4+ CD25+ T-cell subsets with pre-
sumed regulatory activity represent important mechanisms contributing to the
immunosuppressive activity of MSCs. These findings provide immunological sup-
port for the use of MSCs to prevent immune complications related to both HSC and
solid organ transplantation (Maccario et al. 2005a). Di Nicola et al. (2002) reported
that autologous or allogeneic bone marrow stem cells (BMSCs) strongly suppress
T-lymphocyte proliferation. This phenomenon, which is triggered by cellular and
nonspecific mitogenic stimuli, has no immunological restriction, and T-cell inhibi-
tion is not due to induction of apoptosis (Bartholomew et al. 2002). It is likely due
to the production of soluble factors.

5.5 Mesenchymal Stem Cells and B Lymphocytes

In murine studies, MSCs have been reported to inhibit the proliferation of B cells,
stimulated with anti-CD40L and IL-4 (Glennie et al. 2005). It has been recently
reported that MSCs co-cultured with purified CD19+ B cells in the presence of a
cocktail of stimuli significantly inhibited B-cell proliferation and that this effect was
mainly due to soluble factors. CXCR4, CXCRS, and CCR7 B-cell expression and
chemotaxis to CXCL12 (the CXCR4 ligand) and CXCL13 (the CXCRS ligand)
were significantly down-regulated by MSCs, suggesting that these cells affect
chemotactic properties of B cells. However, B-cell co-stimulatory molecule expres-
sion and cytokine production were unaffected by human MSCs (Corcione et al.
2006). Allogeneic MSCs have been shown to inhibit the proliferation, activation,
and immunoglobulin G (IgG) secretion of B cells from BXSB mice, which are used
as an experimental model for human systemic lupus erythematosus (Deng et al.
2005). Krampera et al. (2006) showed that MSCs only reduced the proliferation of
B cells in the presence of IFN-y. The suppressive effect of IFN-y was possibly
related to its ability to stimulate the production of indoleamine 2,3-dioxygenase
(IDO) by MSCs, which in turn suppresses the proliferative response of effector cells
through the tryptophan pathway (Meisel et al. 2004).
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5.6 Mesenchymal Stem Cells and Natural Killer Cells

The MSCs and natural killer (NK) cells have been shown to interact in vitro
(Spaggiari et al. 2006; Sotiropoulou et al. 2006; Poggi et al. 2005). The levels of
surface expression of activating NK receptors is positively correlated with NK cell
function, which can transduce inhibitory or activating signals (Moretta et al. 2001;
Moretta and Moretta 2004). One study reported that MSCs can exert a profound
inhibitory effect on NK cell function because they can suppress not only IL-2-
induced cell proliferation but also the generation of cytolytic activity and produc-
tion of cytokines. The authors reported a more accurate analysis of MSC-induced
inhibition of NK cell function and defined the molecular basis of such inhibitory
effect. First, they showed inhibition of the surface expression of NKp30and NKG2D-
activating NK receptors that are involved in NK cell activation and target cell kill-
ing. In addition, no surface expression of the NKp44 activating receptor (absent in
resting NK cells and expressed upon cell activation) occurred in NK cells cultured
with MSCs. MSCs sharply inhibited the NK-mediated cytotoxic activity (Spaggiari
et al. 2008).

5.7 Mesnchymal Stem Cells and Dendritic Cells

Dendritic cells (DCs) play a key role in the induction of immunity and tolerance,
depending on the activation and maturation stage and, as recently proposed, the
cytokine milieu at sites of inflammation (Rutella et al. 2006). MSCs have been dem-
onstrated to interfere with DC differentiation, maturation, and function. Addition of
MSC:s results in inhibition of the differentiation of both monocytes and CD34+
progenitors into CD1a+ DCs, skewing their differentiation toward cells with fea-
tures of macrophages. Human MSCs display an inhibitory effect on alloantigen-
induced DC differentiation and on APC maturation (Beyth et al. 2005). This could
be related to their capacity to produce antiinflammatory cytokines, such as TGFf,
known to inhibit in vitro activation and maturation of DCs (Strobl and Knapp 1999).
DCs generated in the presence of MSCs had an impaired response to maturation
signals and exhibited no expression of CD83 or up-regulation of HLA-DR and co-
stimulatory molecules (Jiang et al. 2005; Nauta et al. 2006a; Zhang et al. 2004).
The MSCs can suppress monocyte differentiation into DCs, the most potent
APCs, indicating the versatile regulation by MSCs of the ultimate specific immune
response. Furthermore, mature DCs treated with MSCs had significantly reduced
expression of CD83, suggesting their skew to immature status (Jiang et al. 2005).
Consistent with these findings, immature DCs generated in the presence of MSCs
were strongly hampered in their ability to induce activation of T cells (Aggarwal
and Pittenger 2005; Jiang et al. 2005; Beyth et al. 2005) In addition, MSCs suppress
the migratory function of DCs, and so they may serve immunoregulatory activities
through the modulation of the antigen-presenting function of DCs (Jung et al. 2007).
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Taken together, these results suggest that MSCs have a profound inhibitory effect on
the generation and function of both CD34+ and monocyte-derived DCs (Nauta et al.
2006b) Also, MSCs impair monocyte-derived DCs differentiation and function by
interfering with the cell cycle (Ramasamy et al. 2007). The increased production of
IL-10 by DCs upon co-culture with MSCs may also contribute to the suppressive
effects of MSCs. Neutralizing antibodies to IL-10, indeed, restored T-cell prolifera-
tion, although not completely (Beyth et al. 2005).

5.8 Mesenchymal Stem Cells and HLA

The expression of MHC molecules on all cells on the body allows the immune sys-
tem to distinguish self from nonself. Adult human MSCs constitutively express low
surface densities of MHC class I molecules and are negative for MHC class II as
well as for co-stimulatory molecules such as CD80, CD86, and CD40. Western
blotting on cell lysates shows that the cells contain intracellular deposits of class II
alloantigens (Le Blanc et al. 2003c; Klyushnenkova et al. 2005; Potian et al. 2003).
IFNy stimulation increased both class I and class II molecules (Klyushnenkova et al.
2005). MSCs that have differentiated into adipose, bone, and cartilage cells express
HLA class I, but the expression of class II can no longer be induced (Le Blanc et al.
2003c). As a result of the low expression of MHC class I molecules, MSCs can
escape detection by T cells. For years, MSCs have been considered cells that poten-
tially can be ignored by the immune system (Le Blanc and Ringden 2006). However,
recent in vivo data in mice challenge the concept of the immunoprivilege of MSCs
because allogeneic MSCs infused into MHC-mismatched mice were sometimes
rejected (Nauta et al. 2006; Eliopoulos et al. 2005). Furthermore, both autologous
and allogeneic IL-2-activated NK cells can kill MSCs efficiently owing to the low
levels of human MHC class I antigen on the latter cells and to the surface expression
of ligands recognized by activating NK receptors (Spaggiari et al. 2006).

HLA-G, a nonclassic human leukocyte antigen class I molecule that was initially
found on trophoblasts, is a crucial immunosuppressive molecule secreted by adult
human mesenchymal stem cells. Trophoblasts are able to express indoleamine IDO
and prostaglandin E,. MSC immunomodulatory properties are similar to those of
trophoblasts. This mechanism may relate to tolerance of alloantigens for the preven-
tion of graft rejection after transplantation (Selmani et al. 2009).

5.9 Clinical Use of Mesenchymal Stem Cell-Induced
Immunosuppression

The MSCs are considered to be hypoimmunogenic, displaying low expression lev-
els of HLA and MHC class I and, importantly, no expression of co-stimulatory
molecules (Tse et al. 2003). At present, little is known about the mechanisms
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of suppression of graft-versus-host disease (GVHD) by MSCs. In vivo studies
demonstrated that MSCs avoid normal alloresponses (Koc et al. 2002). These char-
acteristics support the possibility of exploiting universal donor MSCs for therapeu-
tic applications. However, recent evidence indicates that MSCs can function as
APCs and activate immune responses under appropriate conditions (Chan et al.
2006). Furthermore, it has been demonstrated that subcutaneously implanted allo-
geneic MSCs were rejected in nonimmunosuppressed recipient mice. Splenocytes
isolated from mice that had been implanted with allogeneic MSCs displayed a sig-
nificant IFNa response against allogeneic MSCs in vitro (Eliopoulos et al. 2005).

Clinical use of MSC-induced immunosuppression is allogeneic or autologous in
several diseases, such as GVHD and autoimmune disease (Siegel et al. 2009).
Indeed, MSCs have been used to treat experimental animal models of multiple scle-
rosis, diabetes, systemic lupus erythematosus, and with less success rheumatoid
arthritis (Uccelli et al. 2007). The multiple immunosuppressive properties of MSCs
provide the biological explanation of their efficacy in the treatment of patients with
acute GVHD and even those refractory to conventional treatment (Locatelli et al.
2007). MSCs may also have a role in the prevention of GVHD, given that MSCs
achieved such prevention in an animal model. We investigated the ability of MSCs
to prevent or treat GVHD in a rat bone marrow transplantation (BMT) model
(Nevruz et al. 2007). The GVHD model was established by transplantation of
Spraque Dawley (SD) rats’ bone marrow and spleen cells into lethally irradiated SD
x Wistar rat recipients. MSC and GVHD prophylactic regimens were administered
using various timing protocols designed to either prevent or treat GVHD. After
transplantation, a clinical GVHD scoring system and the survival were monitored.
MSC:s inhibited lethal GVHD at least with the GVHD prophylactic regimen after
allo-BMT. The gross and histopathological findings of GVHD and the ratio of CD4/
CDS8 expression decreased at the same time the proportion of CD25+ T cells and
plasma IL-2 levels increased in vivo after allo-BMT with MSC administration com-
pared with conventional allo-BMT. Our results strongly suggested that clinical use
of MSCs both prophylactically and after GVHD developed was as effective as the
GVHD prophylactic regimen in preventing GVHD (Nevruz et al. 2007).

Immunological studies specifically addressing this issue are needed to improve
our understanding of the treatment of acute GVHD. Further studies of the immuno-
genicity of MSCs are needed, and rejection of MSCs and the clinical consequences
should be carefully considered in clinical trials.

5.10 Conclusions

Mesenchymal stem cells are multipotent progenitor cells. Interest in MSC therapy
has been raised by the observation that MSCs are able to modulate immune responses
in vitro and in vivo. MSCs preferentially home to damaged tissue and may have
therapeutic potential. In vitro data suggest that MSCs exert powerful immunomodu-
latory effects, which include inhibiting the proliferation and function of T cells,
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B cells, and NK cells. These unique properties make MSCs of great interest for
clinical applications in tissue engineering and immunosuppression. Underlying the
MSC-mediated immunomodulatory mechanisms is a nonspecific antiproliferative
effect. Of special interest are the molecular mechanisms by which MSCs influence
their target cells. Understanding these mechanisms is crucial for future use of MSCs
in research and clinical applications. Possible clinical applications include therapy-
resistant severe acute GVHD, tissue repair, rejection of organ allografts, and auto-
immune disorders.
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Chapter 6
Mesenchymal Stem Cells: Possibilities
of New Treatment Options
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Abstract Stem cell research evolved as a new hope and has gained tremendous
interest during the last two decades in developing potential strategies for many
debilitating diseases. Mesenchymal stem cells (MSCs) are bone marrow-derived
multipotent stem cells capable of self-renewal and of differentiating into multiple
lineages, such as osteocytes, adipocytes, chondrocytes, myoblasts, cardiomyocytes,
and hepatocytes. MSCs are an important source for cellular therapies. They can eas-
ily be obtained and expanded in vitro in large numbers without significantly altering
their properties. MSCs not only migrate to the injured site in vivo but also have
immunomodulatory effects that make their use attractive for allogeneic grafting.
MSCs can also be frozen for preservation; and when thawed, they retain their nor-
mal physiological function, allowing future “off-the-shelf” therapy approaches.
Because of these features, MSCs have high therapeutic value in tissue engineering
and regenerative medicine. In this chapter, the contribution of the MSCs to cardio-
vascular repair and liver regeneration are summarized.
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6.1 Introduction

Stem cell research has evolved as a new hope and has attracted tremendous interest
during the last two decades in developing new strategies for many debilitating dis-
eases. Stem cells are important for living organisms because they have a potential
for differentiating into a wide variety of cells under certain circumstances. The inci-
dence of chronic and noninfectious diseases such as cancer, chronic heart disease,
and diabetes are the main health concerns of today’s world. Thus, treatment of these
chronic diseases is important for a healthy future. Applications involving the use of
stem cells in humans that might have been considered “science fiction” only less
than two decades ago are now being utilized with great success (Akar et al. 2006).

6.2 Stem Cells

Stem cells are unspecialized cells that are capable of self-renewal and give rise to
differentiated cells (Till and McCulloch 1961; Morrison et al. 1997; Weissman
2000). Although self-renewal and differentiation to other cells are their common
features, stem cells vary in their potential to differentiate, the durations and path-
ways of self-renewal, the niche in which they exist, and their division properties
(Morrison et al. 1997). Stem cells can be categorized based on their time of onset
and differentiation potential. Embryonic stem cells (ESCs) are derived from the
cells of the inner cell mass (ICM) during early embryonic development. Germline
and adult stem cells (ASCs), on the other hand, are groups of cells that are seen,
respectively, later in development and postnatally. ESCs are pluripotent, meaning
that they can give rise to all of the cell types from three germ layers, where as
ASCs are multipotent and able to produce multiple, but not all, lineages. ESCs are
important tools for studying embryogenesis and understanding the mechanisms of
genetic diseases. Ethical considerations and the risk of tumor formation and immune
rejection are main hurdles to the ESCs being used for cellular therapies in humans.
The first clinical trial of a human embryonic stem cell (hESC)-based therapy in
humans was studied in regard to spinal cord injuries.

Also known as somatic stem cells, ASCs are found in organs and tissues and
maintain homeostasis. Compared to ESCs, they are more differentiated, and their
potential is more limited (multipotent vs. pluripotent). Among ASCs, mesenchymal
stem cells (MSCs) have unique features that make them good candidates in the areas
of tissue engineering, regenerative medicine, and cellular therapies.

Also known as bone marrow stromal cells or mesenchymal stromal cells,
MSCs were discovered by the pioneering studies of Friedenstein in 1968. Initially,
MSCs were shown to attach to culture plates and were able to form colonies; these
cells were later named colony forming unit fibroblasts (CFU-Fs) (Lanotte et al.
1981). MSCs are multipotent cells capable of self-renewal and of differentiating into
multiple lineages, such as osteocytes, adipocytes, chondrocytes, myoblasts, hepato-
cytes, and cardiomyocytes (Friedenstein et al. 1968; da Silva Meirelles et al. 2008;
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Tokcaer-Keskin et al. 2009). Pittenger et al. (1999) conducted the first characterization
study of MSCs. They obtained the MSCs from human bone marrow aspirates. The
bone marrow aspirate was first separated according to the density gradient and
plated afterward. Attached cells were counted according to their colony formation
capacities. When proportioned to the total cell number, only 0.001-0.01% of the
nucleated cells formed colonies. The authors also shown that MSCs were positive
for CD29, CD90, CD71, and CD106; and they were negative for CD45, CD14, and
CD34. The cells were able to undergo 40 population doublings (PDs) in vitro within
10 weeks. In addition to bone marrow, MSCs were isolated from many other sources
such as adipose tissue, umbilical cord blood, placenta, and dental pulp. However,
studies revealed that MSCs from these sources had different CD marker expression,
phenotypes, and PDs. These results forced the scientific community to define cer-
tain criteria for identifying these cells. The International Society for Cellular
Therapy (ISCT) published a position paper by Dominici et al. (2006) and set forth
the following cardinal features for MSCs. According to that seminal report, MSCs
should be positive for CD73, CD90, and CD105 and negative for CD19, CD34,
CD45, CD11a, and HLA-DR.

An important feature of MSCs is their homing capacity. Homing is defined as the
migration of these cells to the site of injury. In the homing process of MSCs,
chemokines, cytokines, and the receptors on their surface were shown to be pivotal
(da Silva Meirelles et al. 2008). When inflammation occurs at the site of injury, the
gradient of cytokines and chemokines increase; and the expression of chemokine
receptors mediate the migration of MSCs to the injured tissue (Salem and
Thiemermann 2010). Especially CD44 was found to be important in homing of both
mouse and human MSCs (Herrera et al. 2004; Sackstein et al. 2008). In addition,
CXCR4 and VCAM-1 (CD106) played a critical role in the migration of the MSCs
(Segers et al. 2006; Shi et al. 2007; Hung et al. 2007). It was also demonstrated that
MSCs can activate matrix metalloproteases so as to enter the tissue from blood to
localize the niche at the site of injury (De Becker et al. 2007).

The MSCs also have important antiapoptotic and immunomodulatory effects,
which makes them nonimmunogenic. When MSCs were injected into scar tissue in
animal models, they were able to reduce the apoptotic rate of the surrounding cells,
which was mediated by the secretion of several growth factors including vascular
endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2), and transform-
ing growth factor B (TGFp), especially in hypoxic conditions (Togel et al. 2007;
Parekkadan et al. 2007; Block et al. 2009). When immunomodulatory effects were
considered, it was shown that T-cell proliferation was inhibited during in vitro co-
culturing (Di Nicola et al. 2002; Krampera et al. 2003; Le Blanc et al. 2003).
Furthermore, not only cytotoxic and helper T cells but also natural killer (NK) cells, B
cells, and immature dendritic cells were found to be affected by MSCs. The immuno-
modulatory effects of MSCs on T cells and NK cells were associated with secretion of
such molecules as TGFp, prostaglandin E, (PGE ), and interleukin-10 (IL-10), whereas
their effect on B cells was found to be indirect, via modulation of plasma cells by caus-
ing the inhibition of immunoglobulin secretion (Sotiropoulou et al. 2006; Nasef et al.
2007; Rafei et al. 2008; Németh et al. 2009, da Silva Meirelles et al. 2008).
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The MSCs have already been used to address osteogenesis imperfecta, hematopoi-
etic recovery, bone tissue regeneration, cardiovascular repair, treatment of lung
fibrosis, spinal cord injury, coronary artery disease, local repair, and regeneration of
bone cartilage and tendon (Minguell et al. 2001; Salem and Thiemermann 2010).
They can form intervertebral disc cartilage, bone, cardiomyocytes, and articular
cartilage at knee joints in addition to neurons, skin epithelia, lung, liver, kidney,
intestine, and spleen.

In addition to these advantages of MSC use in therapies, however, there are some
unknowns, such as their long-term effect and safety, which require more toxicology
studies. Also, the efficiency is not clear. There is some evidence on homing and dif-
ferentiation, but it is insufficient. Large-scale culture, storage, and distribution are
important factors in the therapeutic application of MSCs (Minguell et al. 2001).

6.3 Mesenchymal Stem Cells in Cellular Therapies

The literature contains many studies investigating the regenerative capacities of
MSC:s in various disease models generated by employing nonhuman animal spe-
cies. Cardiac regeneration, liver regeneration, kidney regeneration, autoimmune
diseases and graft-versus-host disease (GVHD), neurological diseases, pulmonary
diseases, osteogenic diseases, and cartilage repair are the most widely studied con-
ditions (Salem and Thiemermann 2010). MSCs are also being investigated exten-
sively in clinical trials, mostly in the United States, Europe, and East Asia. Some of
the clinical trials are studying MSC use in neurological, liver, bone, heart diseases,
GVHD, and some autoimmune diseases such as diabetes and Crohn’s disease. In the
following section, the application of MSCs in cell-based therapies are discussed,
with particular attention given to their roles in heart and liver diseases.

6.3.1 Cardiac Repair

In vivo studies with different animal models were performed to reveal the effect of
MSCs in cardiovascular diseases. Shake et al. (2002) demonstrated the differentia-
tion of MSCs expanded from swine bone marrow into functional cardiomyocytes
when injected into the infarcted swine myocardium. In a canine model, it was
observed that the intracardially injected MSCs differentiated into smooth muscle
cells and endothelial cells rather than cardiomyocytes, although they had better
functionality at the infarcted area (Silva et al. 2005). It was demonstrated that when
the rats were treated with MSCs, the infarcted area became significantly smaller
4 weeks after the treatment, and the MSCs that were labeled prior to the treatment
were expressing cardiac markers such as cardiac troponin and smooth muscle actin
(Tang et al. 2006). In a similar mouse model, the in vivo effects of human MSCs
obtained from a patient with ischemic heart disease were tested regarding the infarct



6 Mesenchymal Stem Cells: Possibilities of New Treatment Options 63

size and heart functions using MRI. The results of the study indicated that MSCs
were able to home to the scar tissue and improve the function of the left ventricle by
differentiating into smooth muscle and endothelial cells as well as cardiomyocytes
(Grauss et al. 2007). In another study, the mode of administration and transplanta-
tion times were investigated. Introducing MSCs by transendocardial electrome-
chanically guided delivery was more efficient than intracoronary delivery (Perin
et al. 2008), and it was demonstrated that if the MSCs were delivered to the heart
1 week after infarction better results were obtained regarding cardiac function and
formation of blood vessels when compared to delivery at 1 h or 2 weeks (Jiang et al.
2008). There are also studies that have attributed the regenerative effect of MSCs to
their paracrine effects. MSCs that were genetically modified for overexpression of
Akt exerted a better curing effect on the left ventricles of animal myocardial infarc-
tion models (Lim et al. 2006; Mangi et al. 2003). According to another study, secre-
tion of hepatocyte growth fact (HGF) from MSCs triggered the migration of cardiac
stem cells to the site of infarction and regeneration (Urbanek et al. 2005).
Transplantation of MSCs has also been performed in patients with myocardial
infarction, who showed improved myocardial activity after the transplant (Katritsis
et al. 2005). The results of one clinical trial revealed that left ventricular function in
myocardial infarction patients treated with autologous MSCs was improved (Wollert
et al. 2004; Chen et al. 2004). There are ongoing clinical trials that employing MSCs
in the treatment of myocardial infarction. A recent trial to be carried out in France is
still recruiting patients to investigate the administration of the MSCs intracardially
(Phase 1/2 study), and yet another trial is investigating intravenous administration
(Phase 2 study) (http://clinicaltrials.gov). Today there are 21 clinical trials either com-
pleted, ongoing, or recruiting patients to investigate the treatment capacities of MSCs
in heart disease. The theurapeutic potential of MSCs in cardiac repair will be better
understood with the help of these in vivo and in vitro studies and clinical trials.

6.3.2 Liver Injuries

Although liver is able to regenerate after injury, end-stage liver injuries may require
transplantation, which can take a long time because of having to find a suitable
donor. Cellular therapy is considered an important alternative in such cases. As
isolation and culture of hepatocytes in efficient amounts is not possible in vitro
(Serralta et al. 2003, 2005), cellular therapy involving stem cells has an important
role to play in curing liver disease. Among the stem cells, MSCs receive special
attention because their differentiation into hepatocyte-like cells has been reported
(Chamberlain et al. 2007; Sato et al. 2005; Lee et al. 2004). In addition to their
hepatic potential, MSCs can migrate to the injured site, which results in targeting
the cells at the site of liver failure to a certain extent. As already mentioned, MSCs
have immunoregulatory properties. They are not only nonimmunogenic but are also
immunosuppressive (Rasmusson 2006). Because of these features, MSCs shine as a
very promising tool for cell-based therapy for liver disease.
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Hepatocytes differentiated from MSCs were found to be positive for hepatocyte
markers and to be functional as evidenced by their secretion of albumin and glyco-
gen storage (Chamberlain et al. 2007; Lee et al. 2004). Immunomodulatory effects
of MSCs were also found to be important during liver regeneration (Bartholomew
et al. 2002; Inoue et al. 2006; Aggrawal and Pitteger 2005). Although the mecha-
nism is still unclear, there seem to be several factors playing a role in immunoregu-
lation. Pervsner-Fischer et al. (2007) showed that murine MSCs express several
Toll-like receptors (TLRs), and in particular TLR2 was found to be important in the
differentiation potential of MSCs. Similar to MSCs in mice, human MSCs express
several TLRs (Tomchuck et al. 2008). Our unpublished data suggest that MSC hom-
ing to the injury site in liver may be due to TLR expression ability of the injured
liver. In this context, we found that the expression levels of TLRs 2, 3, and 9 are
increased in hepatectomized rats administered MSCs (Kocak et al. unpublished).

It was shown that engraftment of the MSCs into the liver, but not differentiation,
stimulated proliferative and regenerative properties of the liver (Banas et al. 2008;
Parekkadan et al. 2007; Caplan and Dennis 2006). The effect of MSCs on hepatic
stellate cells have also been demonstrated and shown to reduce the formation of
fibrosis (Carvalho et al. 2008; Abdel Aziz et al. 2007; Zhao et al. 2005; Sakaida
et al. 2004). Chamberlain et al. (2007) also demonstrated that when the MSCs were
administered by intrahepatic injection they formed hepatocytes more efficiently
than when given intraperitoneally.

The cytokines responsible in the differentiation, homing, and antifibrotic effects
of MSCs were also investigated. FGF-4 and HGF were found to be important in the
differentiation of MSCs into hepatocytes (Dong et al. 2010; Parekkadan et al. 2007)
and tumor necrosis factor a. (TNFa) and IL-6 were critical in antifibrotic effects
(Pulavendran et al. 2010; Parekkadan et al. 2007). The expression of matrix metal-
loproteinases by MSCs was reported to be important in the reduction of fibrosis
(Fang et al. 2004; Sakaida et al. 2004; Oyagi et al. 2006). CXCR4 and CCR9 have
also been shown to play a role in the homing of MSCs to injured liver (Chen et al.
2010).

6.4 Conclusion and Future Directions

Data strongly point in the direction that MSCs are highly potent multipurpose pro-
genitor cells suitable for several therapeutic applications. It is of great importance to
establish the safety and bioactivity in the near future as well as the long-term effects
of MSC administration. Another major issue is to better characterize and even sub-
classify the MSCs following in vitro culturing/expansion. Recent data strongly indi-
cate that MSCs may differentiate into immunostimulatory or immunosuppressive
agents depending on the tissue location and/or ongoing inflammation at the sites
(Waterman et al. 2010). Differential classification of MSCs will ensure their more
successful applications in addition to better utility for treating health problems.
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Chapter 7

Tissue Engineering Based on the Importance
of Collaboration Between Clinicians

and Basic Scientists Regarding
Mesenchymal Stromal Cells

Aysel Yurtsever

Abstract Tissue engineering is an interdisciplinary field that applies the principles
of biology and engineering to developing tissue substitutes to restore, maintain, or
improve the function of diseased or damaged human tissues. Autologous mesenchy-
mal stromal cells (MSCs) are good candidates for tissue engineering and regenera-
tive medicine in that they can replace damaged tissues in the human body owing to
their self-renewal, plasticity, engraftment, and homing capacity. MSCs can easily
differentiate into adipocytes, osteoblasts, and fibroblasts using various transcription
factors and hormones. For cell treatments, nanotechnological scaffolds in various
structures are needed for differentiation of stem cells. Biodegradable polymeric
constructs for bone tissue engineering, are three-dimensional structures that allow
bone cells to attach and reproduce on them. Because of biodegradability properties,
they are not permanent in the body and are degraded slowly while bone cells are
reproducing. Thus, bone cells replace the scaffold in time, which means healing of
the defective site.

7.1 Introduction

Tissue engineering is involved with the creation of organs and tissues under labora-
tory conditions with the aim of transplantation to patients. It is at the crossroads of
biotechnology, nanobiotechnology, molecular biology and genetics, bioinformatics,
medicine, and engineering specialties and is a rapidly developing area.

Among adult stem cells, mesenchymal stromal cells (MSCs) are those best
suited to tissue engineering because of their mesodermal origin (Fig. 7.1). Human
MSCs are spindle-shaped, fibroblast-like cells. Many MSCs (91%) stay in the G /G,
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Fig. 7.1 Nonmagnetic enrichment of mesenchymal stem cells (MSCs) from umbilical cord blood
(UCB) with 20 h of incubation prior to standard centrifugation with Ficoll. (a) x40. (b) x60

phase for most of their life. They have various specific characteristics—self renewal,
plasticity, engraftment, homing—that enable them to replaced damaged tissues in
the human body. MSCs can easily differentiate into adipocytes, osteoblasts, and
fibroblasts using various transcription factors and hormones (Patel et al. 2008a;
Carlo-Stella and Gianni 2005). Tumor tracking properties of MSC provide an
attractive opportunity for targeted transgene delivery into the sites of tumor formation
(Kucerova et al. 2007).

7.2 Approach and Experimental Methods

We obtained umbilical cord blood (UCB) with informed consent from voluntary
donors and used a fully automated method (Sepax UCB-HES method) to isolate the
mononuclear stem cells (SCs) from the UCB. This method involves a closed system
that uses gradient density centrifugation as the isolation technique. Then the SCs are
tested for their number and viability using a flow cytometer (ViCell Beckman
Coulter Automated Cell Viability Analyzer, USA) and microscopic trypan blue
staining methods. MSCs were obtained from UCB using RosetteSep Human
Mesenchymal Stem Cell Enrichment Cocktail (Stemcell Technologies Vancouer
Canada). RosetteSep antibody cocktail was added to each UCB sample, and the
samples were incubated at room temperature for 20 min. The samples were then
diluted with Hank’s balanced salt solution (HBSS) and layered over an equal vol-
ume of Ficoll-Paque (1.077 g/ml). The enriched cells were recovered from the gra-
dient interface after centrifugation at 400 g for 25 min and washed twice with HBSS
after centrifugation at 550 g for 5 min.

These enriched mesenchymal precursor cells were suspended in MesenCult
MSC Basal Medium (Human) (Stemcell Technologies Vancouer Canada) supple-
mented with MesenCult Mesenchymal Stem Cell Stimulatory Supplements (Human)
and plated in 25 cm? culture flasks at a density of 1 x 10° cells/ml. The cultures were
maintained at 37°C in 5% CO, in fully humidified air. On day 5, the medium was
changed for the first time and then changed every 2 days thereafter (Fig. 7.2).
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Fig. 7.2 Experimental methods

7.3 Results and Analysis

The adherent cells were observed on the fifth day of cultivation. The spindle-shaped
cells appeared at the bottom of culture flasks. Through continuous changes of the
medium, the suspended cells in the culture flask became fewer. When the medium
had been changed twice, the suspended cells were completely removed from the
medium. The adherent cells were fibroblast-like and grew as a whirlpool.

Fibroblasts were observed on the tenth day of culture (Fig. 7.3b). Adipocytes
were seen after day 10, and they appeared as mature adipocytes on day 18 (Fig. 7.3c).
Osteocytes were observed starting from day 15 of culture. The alkaline phosphatase
levels in the culture medium, upper phase, were evaluated between days 16 and 28
(Fig. 7.4). It was observed that the osteocytes were active until day 28 (Fig. 7.3d). An
Olympus IX71 camera was used for observations and recordings.

The MSC cultures can be characterized by CD90 and CD105 expression
(Fig. 7.5). The total number of mononuclear cells in UCB are 13.67 x 10° cells/ml,
and the viability of the cells is 98.83% (trypan blue) and 98.71% (flow cytometer).
The total CD90- and CD105-expressing cell count is 0.13 x 10° cells/ml (0.13x 10°
cells/ul) (Fig. 7.5b—d).

7.3.1 Sources of Mesenchymal Stem Cells

Mesenchymal stem cells are found in various tissue types. The main source of
MSC:s is adipose tissue. The other source of MSCs are UBC, muscle tissue, bone
marrow, cartilage, tendons, vascular tissue, dental pulp, and ligaments. These cells
constitute, however, only a small percentage of the total number of MSCs in bone
marrow. Pittenger et al. showed that only 0.01-0.001% of mononuclear cells iso-
lated on a density gradient (Ficoll/Percoll) give rise to plastic adherent fibroblast-
like colonies (Pittenger et al. 1999). In addition to bone marrow, MSCs are located



72 A. Yurtsever

i

5]
8

g 3

(%)
=

Alkaline Phosphatase (U/L)
8

o

16 18 99 2

26
Days -
Fig. 7.4 Alkaline phosphatase levels (U/L) at 16-28 days of MSC culture at 37°C in 5% CO,

in other tissues of the human body. There is an increasing number of reports describ-
ing their presence in adipose tissue (Gronthos et al. 2001), UCB, chorionic villi of
the placenta (Igura et al. 2004), amniotic fluid (Tsai et al. 2004), peripheral blood
(Zvaifler et al. 2000), and even in exfoliated deciduous teeth (Miura et al. 2003).
Studies during the last decade showed that human UCB contains hematopoietic
stem cells and MSCs, both of which can be used as alternative sources to bone mar-
row for cell transplantation and therapy. The hematopoietic stem cells in UCB have
already been proven useful for treating various hematological disorders.
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7.3.2 Surface Markers on Mesenchymal Stem Cells

The MSCs constitute a heterogeneous population of cells in terms of their morphol-
ogy, physiology, and expression of surface antigens. Up to now, no single specific
marker has been identified. MSCs express a large number of adhesion molecules,
extracellular matrix proteins, cytokines, and growth factor receptors associated with
their function and cell interactions within the bone marrow stroma (Bobis et al.
2006; Devine and Hoffman 2000). The population of MSCs isolated from bone
marrow express CD44, CD105 (SH2, or endoglin), CD106 (vascular cell adhesion
molecule, or VCAM-1), CD166, CD29, CD73 (SH3 and SH4), CD90 (Thy-1),
CD117, STRO-1, and Sca-1 (Baddoo et al. 2003; Boiret et al. 2005; Cognet and
Minguell 1999; Dennis et al. 2002; Gronthos et al. 2003).

The MSCs have multipotential differentiation capacity. MSCs are homogeneous,
fibroblast-like cells. Population of cells in G /G, phase are in large quantities, which
means that MSCs have very high potential for differentiation. MSC subgroups vary
in their RNA and DNA content, size, and granule content. At rest, MSCs are immo-
bile. They can be isolated from many sources, including bone marrow, tendons,
blood vessels, dental pulp, periodontal ligaments, adipose tissue, cartilage tissue,
and cord blood. MSCs serve as “cellular vehicles” for reaching the target tissue.

The MSCs can act as local production sites for soluble biological agents, consid-
ered an important therapeutic strategy (Klingemann et al. 2008). MSCs with directed
migration ability to tumor sites can be used as potential vehicles to deliver antican-
cer agents to malignant cells (Klingemann et al. 2008). MSCs can thus be used for
delivery of therapeutic agents to appropriate targets, making them attractive cellular
therapy devices.
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Some MSCs have been used in preclinical models for tissue engineering of bone,
cartilage, muscle, marrow stroma, tendon, fat, and other connective tissues. These
tissue-engineered materials show considerable promise for use in rebuilding dam-
aged or diseased mesenchymal tissue (Caplan 2007).

Bone regeneration is achieved by ex vivo diffusion of bone marrow-derived stem
cells and attachment of these cells to hydroxyapatite/tricalcium phosphate ceramic
three-dimensional (3D) scaffolds. Such scaffolds have been transplanted into seg-
mental defects that were experimentally opened in os longum cells. An appropriate
in vivo 3D structure can be obtained with this technique. Successful applications of
cartilage and bone tissue engineering in rabbits, horses, and pigs led to promising
results in cartilage and bone tissue repair. These applications were then entered into
clinical trials with autologous 3D chondrocyte and bone grafts, respectively. In
2003, “proof of market” could be shown for two new engineering products:
BioSeed-C and BioSeed-Oral Bone (Bio tissue, Freiburg, Germany). These mole-
cules are immunosuppressive, especially for T cells.

Thus, allogeneic MSCs can be considered for therapeutic use. In this context, the
secreted bioactive molecules provide a regenerative microenvironment for a variety
of injured adult tissues to limit the area of damage and to mount a self-regulated
regenerative response. This regenerative microenvironment is referred to as trophic
activity. MSCs appear to be valuable mediators for tissue repair and regeneration.
The natural titers of MSCs that are drawn to sites of tissue injury can be augmented
by allogeneic MSCs delivered via the bloodstream. Indeed, human clinical trials are
now under way to use allogeneic MSCs for treatment of myocardial infarcts, graft-
versus-host disease, Crohn’s disease, cartilage and meniscus repair, stroke, and spi-
nal cord injury (Caplan 2007).

7.3.3 Tissue Engineering

In tissue engineering, various branches of medicine and engineering involved with
growing molecules, cells, tissues, and organs under laboratory conditions work
together for the support, development, or regeneration of nonfunctioning, damaged,
or congenitally abnormal tissues and organs. MSCs are being utilized in bone tissue,
cartilage tissue, and adipose tissue engineering.

Tissue engineering research is making rapid progress because of the collabora-
tion of basic scientists and clinicians. Scaffolds with different structures are needed
to differentiate the cells grown on a 3D tissue culture basis in a desired direction. In
accordance with the interdisciplinary division of labor, the basic scientist prepares
the material to be applied and the clinician carries out the application procedure.

Adipose tissue is important for breast enlargement by mammoplasty, other clini-
cal applications, and even treatment of type II diabetes. Adipose cells extract lipids
and fatty acids from the bloodstream, and they have an important role in converting
glucose into energy via insulin. Polietilen tereftalat (PET), or Dacron fibrils, are
used as the scaffold.
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Fig. 7.6 Good manufacturing practice: maintenance, variation, renewal

Basic scientists have conducted studies on the proliferation and differentiation of
cells, characterization and validation, designing biomaterials to direct the growth
and differentiation of cells during functional tissue formation, bioreactors support-
ing cell growth, gene and protein arrays, automated quality systems, and Petri nets.
These studies can be conducted only under laboratory conditions that comply with
Good Manufacturing Practices (GMPs) standards (Fig. 7.6).

An example of collaboration between basic scientist and clinician is the follow-
ing. The cultivation of cells needed for corneal transplantation is performed by basic
scientists, but application to the patient is performed by surgeons specialized in oph-
thalmology. Tissue engineering of the cornea represents a paradigm shift in medical
treatment to overcome the present disadvantages of corneal transplantation, primar-
ily immune rejection and the shortage of donor corneas. Transplantation of culti-
vated corneal epithelial cells expanded ex vivo from corneal epithelial stem cells has
been developed and has already entered the clinical realm (Fig. 7.7). However, there
are still many hurdles to overcome. The author and colleagues are developing a
method to transplant cultivated cell sheets that uses a temperature-responsive culture
dish. Nishida reviewed the present situation regarding tissue-engineered corneal epi-
thelium and introduced the results of this program (Nishida 2003).

In the area of cartilage and bone repair in the field of orthopedics, whereas the 3D
collagen cultures and allogenic bone tissue suitable for transplantation are prepared
by the basic scientist, the orthopedic surgeon carries out the surgical procedure. Basic
scientists and clinicians also collaborate on the treatment of peripheral vascular dis-
eases (e.g., diabetes mellitus, thromboangiitis obliterans). A final example lies in the
area of heart disease, where heart valves are manufactured via tissue engineering and
their application by the medical profession has become common practice (2008).
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Tissue engineering will reach its highest level in centers of excellence conducting
interdisciplinary studies involving genes, nanotechnology, and tissue stem cells
(Fig. 7.8). Valvular heart disease is a significant cause of morbidity and mortality
worldwide. Classic replacement surgery involves the implantation of mechanical valves
or biological valves (xenografts or homografts). Tissue engineering of heart valves
represents a new experimental concept for improving current modes of therapy in val-
vular heart surgery (Fig. 7.9). Various approaches have been developed that differ either
in the choice of scaffolds (synthetic biodegradable polymers, decellularized xenografts
or homografts) or the cell sources for producing living tissue like vascularly derived
cells, bone marrow cells, progenitor cells from peripheral blood (Sacks et al. 2009).
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The use of autologous bone marrow cells in combination with synthetic biode-
gradable scaffolds has advantages over other tissue engineering approaches. It is
safe; it leads to completely autologous prostheses; and the cells are more easily
obtained. Clinical trials with stem cells for liver diseases provide renewed hope for
the future. They are certainly timely in the current climate of increasing mor-
bidity and mortality associated with transplant waiting lists around the world
(Neuenschwander and Hoerstrup 2004). Interdisciplinary research collaboration in
tissue engineering is creating centers of excellence that bring together unique teams
of cell and molecular biologists, biomaterials scentists and engineers, and surgeons
(Fig. 7.10).
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7.4 Conclusion

By learning more about the differentiation and plasticity characteristics of MSCs,
we will be able to use them more advantageously as autologous cells in particular in
a larger number of clinical indications and tissue engineering applications. The spe-
cialized environment for MSC differentiation can be obtained by developing a scaf-
fold that has nanoparticles with similar characteristics that can overall mimic the
natural environment of the MSCs. It is important that these scaffolds are human
body-compatible or biodegradable. The MSCs obtained from UCB can be seeded
on these scaffolds. These constructs can be implanted into the patient with specific
growth factors to induce differentiation into various cell types such as adipocytes,
osteoblasts, and fibroblasts. These nanotechnological scaffolds can also be designed
by tissue engineering methods in such a manner that they can replace the natural
extracellular matrix (ECM) and send signals to the MSCs that are present in the
damaged area in the body, triggering the cells to regenerate and possibly differenti-
ate into different cell types.

Umbilical cord blood is the most important source for MSCs. The MSCs obtained
from UCB do not lead to ethical dilemmas for research studies and clinical applica-
tions (Cao and Feng 2009).

Tissue engineering will develop with multidisciplinary studies of genetics, nano-
technology, and stem cell technologies. Interdisciplinary research collaborations can
culminate in personalized targeted therapy—another step in a revolution in tissue
engineering (Cao and Feng 2009; Choppes et al. 2009; Corsten et al. 2008; Dwyer
et al. 2007; Greenberg et al. 2009; Jorgensen et al. 2009; Kidd et al. 2008; Koc et al.
2002; Lee 2005; Lazennec et al. 2008; Ozawa et al. 2008; Patel et al. 2008b; Studeny
et al. 2004; Wang et al. 2004; Woodward et al. 2009; Zielske et al. 2009).

At the centers where this research is ongoing, MSCs obtained from UCB can be
considered international stem cell sources. Many of the studies done so far have
suggested that MSCs can and will play an effective role in regenerative medicine
and tissue engineering.

It should be ensured that research results are made widely available and trans-
formed for public use and benefit. This practice serves as a dynamic bridge from
laboratory to industry to make certain that promising new technologies are trans-
lated into products and services that benefit society and the world.

Human adipose tissue-derived mesenchymal stem cells (ATMSC) are a promis-
ing source of autologous stem cells to be used in personalized cell-based therapy.
Tumor tracking properties of MSCs provide an attractive opportunity for targeted
transgene delivery to sites of tumor formation.
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Chapter 8
Synchroton Radiation and Nanotechnology
for Stem Cell Researchers

F. Fiori, A. Giuliani, A. Manescu, C. Renghini, and F. Rustichelli

Abstract Stem cell-based tissue engineering therapies involve the administration
of ex vivo manipulated stem cell populations for the purpose of repairing and regen-
erating damaged or diseased tissue. Currently available methods for monitoring
transplanted cells are limited. Monitoring stem cell therapy outcomes requires the
development of nondestructive strategies capable to identify the location, magni-
tude, and duration of cellular survival and fate. The recent development of imaging
techniques offers great potential for addressing these critical issues by noninva-
sively tracking the fate of the transplanted cells. We offer a focused presentation of
some examples of the use of imaging techniques connected to the nanotechnologi-
cal world in research areas related to stem cells. In particular, investigations con-
cerning human stem cell treatment of Duchenne muscular dystrophy in animal
models, bioscaffolds for cell proliferation to form muscular fibers, and bone tissue
engineering are discussed.

8.1 Introduction

Tissue engineering and regenerative medicine are an emerging research area that
promises new therapeutic techniques for the repair and replacement of tissues and
organs that have lost functions due to aging, disease, damage, or congenital defects
(Langer and Vacanti 1999; Atala 2005; Jones and Hench 2003). Clinical applica-
tions have already begun to repair a wide variety of tissues, such as blood, skin,
cornea, cartilage, and bone.
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Imaging techniques are playing an increasingly important role in the rigorous
characterization of biomaterial properties and function. Sophisticated two-
dimensional (2D) imaging technologies have been developed to complement
histological evaluation and probe complex biological events occurring at the inter-
face between tissues and biomaterials (Boskey and Pleshko Camacho 2007; Campbell
and Kim 2007; Huebsch and Mooney 2007). However, there is a clear need for high-
resolution three-dimensional (3D) imaging technologies that reveal the spatial
distribution of tissues forming within porous biomaterials in vitro and in vivo.

For regeneration of vascularized tissues such as bone or muscle, the ability to
quantify 3D vascular ingrowth would be tremendously valuable, particularly for
studies exploring the potential to enhance regeneration via therapeutic angiogenesis
strategies (Silva and Mooney 2007). The imaging modality that has been applied
most extensively for this purpose, particularly for bone tissue engineering studies
(Mastrogiacomo et al. 2004; Komlev et al. 2006; Papadimitropoulos et al. 2007,
Eniwumide et al. 2007), is high-resolution X-ray computed tomography (CT). CT
provides rapid reconstruction of 3D images and quantitative volumetric analysis of
X-ray attenuating materials or tissues. In the perspective of clinical translation of
stem cell research, it would be advantageous to develop new techniques to detect
donor cells after transplantation to track their fate and thus better understand their
role in the regeneration of damaged and diseased tissues.

Several groups have reported successful labeling of mesenchymal pig (Hill et al.
2003) and mouse (Hoehn et al. 2002) embryonic stem cells with nanoparticles of
iron oxide (SPIO). These particles are used as contrast agents for magnetic reso-
nance imaging (MRI) (Arbab et al. 2003; Frank et al. 2003; Wang et al. 2001).
It appears that cells that are able to incorporate SPIO intracellularly are readily
detectable with MRI, allowing in vivo tracking of such “tagged” cells (Bulte et al.
2002). MRI provides a noninvasive and repeated 3D visualization of transplanted
“tagged” stem cells in organs, making it particularly attractive for imaging studies
(Nuzzo et al. 2002). The aim of this chapter, therefore, is to present some of the
recent progress obtained using innovative, noninvasive imaging techniques and
nanodiffraction involving nanotechnologies in research areas related to stem cells.
In particular, we provide some examples of studies concerning human stem cell
treatment of Duchenne muscular dystrophy in animal models, bioscaffolds for
cell proliferation striving to form muscular fibers, and bone tissue engineering.

8.2 Synchrotron Radiation X-ray Computed Microtomography

X-ray computed microtomography (micro-CT) is similar to conventional CT sys-
tems usually employed in medical diagnostics. The main difference is that with
micro-CT a spatial resolution of the order of a few hundred nanometers can be
achieved (in contrast to about 0.5 mm for standard CT). Of course, such high spatial
resolution can be obtained only for samples extremely reduced in size (a few cubic
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Fig. 8.1 X-ray computed microtomography setup

millimeters). In particular, with synchrotron radiation—available at some European
large-scale facilities such as ESRF in Grenoble, PSI/SLS in Zurich, BESSY in
Berlin, HASYLAB in Hamburg, and ELETTRA in Trieste—it is possible to couple
high spatial resolution to a high signal-to-noise ratio (Nuzzo et al. 2002; Salomé
et al. 1999). Furthermore, with respect to conventional laboratory sources, the
advantages of X-rays produced at synchrotron radiation sources also include a very
high photon flux and a tunable-energy monochromatic beam with high coherency in
parallel beam geometry.

In a typical micro-CT set-up (Fig. 8.1), the sample is fixed on a turntable and is
rotated through 180° or 360° with an angular step of the order of some tenths of a
degree. The detecting device is usually comprised of a scintillator followed by a
light intensifier and a CCD camera (e.g., 2,048 x 2,048 pixels). The pixel size in the
image, and thus the resolution, depends on the field of view (FOV) to be explored:
the wider the FOV, the worse the resolution.

Hundreds of radiographs (projections) are obtained at different rotation angles of
the sample (Fig. 8.1). The information stored in each of them is a 2D projection of
the X-ray absorption coefficient map, related to the various materials encountered by
the beam along its path in the plane perpendicular to the beam direction. By means
of suitable algorithms (filtered back-projection) based on the radon transform theory
(Kak and Slaney 1988), the 2D projections are used to reconstruct the 3D volume
morphology of the sample.

In the pure absorption experimental setup, the sample is as close as possible to
the detector, as in this way image blurring is minimized. Anyway, by choosing a
suitable sample-to-detector distance, the contrast is no longer given by pure absorp-
tion only but also by the phase differences among the scattered X-ray waves. In
particular, this phase-contrast effect puts into evidence the interface and edges
between two materials (Fig. 8.2), and it is particularly useful when media with simi-
lar absorption coefficients should be discriminated.
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8.3 Applications

8.3.1 Study of Stem Cell Fate in Dystrophic Muscular Tissue

This work (Torrente et al. 2006) was carried out in the framework of a more general
research program aiming to use human stem cells to repair muscle damage in
Duchenne muscular dystrophy. In previous studies (Torrente et al. 2004; Gavina
et al. 2006) it was shown that, after intraarterial delivery to murine dystrophic mus-
cle human blood-derived CD 133+ cells localize under the basal lamina and expressed
the satellite cells markers M-cadherin and Myf3, differentiating into human muscle
fibers and causing significant amelioration of skeletal muscle structure. Elucidation
of the mechanisms involved in muscle homing of stem cells can aid in improving
potential therapy for muscular dystrophy based on the systemic delivery of such
stem cells. Iron oxide nanoparticle (Endorem; Guerbet, Sulzback, Germany) label-
ing is a promising approach to visualize stem cells in vivo and thus can help us
understand the basic processes involved in stem cell homing and migration (Gupta
and Gupta 2005; Reimer and Weissleder 1996).

Human blood-derived CD133+ cells were isolated from mononucleated cells
collected by centrifugation (Ficoll-Hypaque; Pharmacia Biotech, Uppsala, Sweden)
of several buffy coats, diluted 1:2 in RPMI 1640 medium (GIBCO, Invitrogen Life
Technologies, Grand Island, NY, USA), incubated with CD133-phycoerythrin
(CD133PE; Miltenyi Biotech, Bergisch-Gladbach, Germany), and sorted to obtain
purified CD133+ cells. Stem cells were labeled with Fe,O, nanoparticles (Endorem)
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Fig. 8.3 Grey level histogram showing the peaks corresponding to different materials in the biop-
sies. The peak corresponding to the Endorem-labeled cells is evidenced

(250 mg/ml). Endorem has been approved for human use and is commercially
available in the form of an aqueous colloid. It is a magnetic contrast agent based on
dextran-coated iron oxide nanoparticles, with an average size of 150 nm. Labeling
was performed in RPMI 1640 medium enriched with epidermal growth factor
(EGF) (20 ng/ml) and basic fibroblastic growth factor (bFGF) (10 ng/ml) for 24 h.
The mean iron concentration in a 2 ml sample containing one million cells was
88.5 mg/ml, corresponding to an average iron content of 177 pg/cell. The labeled
CD133+ cells were injected into the femoral artery of scid/mdx mice, a dystrophic
animal model that allows transplantation of human cells. Different stem cell num-
bers (5x 104, 1x10°, 5x 10°) were considered at different times (0, 2, 12 and 24 h)
after injection.

Ex vivo measurements were carried out at the BM05 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. A sample-to-detector
distance of 15 mm was used, and a few preliminary measurements were performed,
varying the X-ray energy values between 18 and 27 keV to obtain optimal condi-
tions for the X-ray absorption contrast among the different phases contained in the
samples under investigation. A total of 1,000 projections were obtained from each
sample over 180°, with an exposure time of 1 s per projection. A Gadox scintillator
associated with a FReLoN 2,048 x 2,048 pixel CCD camera was used as a detector,
with the pixel size set to 1.65 mm, giving an FOV of about 3 mm. Tibialis anterior
biopsies (2 x2x2 mm?) were isolated from injected legs and analyzed for different
numbers of initially injected cells (5% 10°, 1 x 10% 5x10?) and different times after
the injection (2, 12, and 24 h).

The different absorption coefficients of the materials in the samples give rise
to different peaks in the gray level scale (Fig. 8.3). In particular, the absorption
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Fig. 8.4 3D display showing
the distribution of labeled
stem cells (5% 10° injected
cells, 24 h after injection; red:
labeled cells, green: vessels,
blue: muscular tissue)

coefficient of the Endorem-labeled stem cells is higher than the one of other tissues,
and in the reconstructed 3D volumes the labeled cells are visualized as red spots
(Fig. 8.4). Furthermore, it is possible to use the 3D image processing to “cancel” a
phase to allow more accurate observation of the spatial distribution of each phase
(Fig. 8.5). The signal of labeled cells was clear at all concentrations higher than
5x10* cells. No difference in the location of stem cells was observed at different
times after injection, and stem cells appeared to be distributed along the vessels.
The volume fraction of migrated labeled stem cells was calculated by counting their
corresponding pixels using an algorithm that automatically separates them from
other tissues (Fig. 8.6).

Therefore, ex vivo experiments showed the feasibility of the technique for visu-
alizing Endorem-labeled stem cells for different numbers of injected cells and at
different times after injection as well as its capability to determine the cell distribu-
tion in the tissue. It was also possible to extract quantitative parameters such as the
volume fraction of migrated cells.

8.3.2 Phase-Contrast micro-CT for Analysis of Extracellular
Matrix Fibers Organization in Bioscaffolds

Spatiotemporal organized patterns of cell surface-associated and extracellular
matrix (ECM)-embedded molecules play important roles in the development and
functioning of tissues. ECM proteins interact with the surface of the bioscaffold and
influence the material-driven control of cell differentiation. In fact, cells continually
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Fig. 8.5 3D distribution of labeled stem cells (in red) within the muscle biopsies, 12 h after injec-
tion; (a) 5% 10%, (b) 1x10%, (¢) 5x 10° injected cells (the markers correspond to 700 mm)
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Fig. 8.6 Volume fraction of labeled cells in the muscle biopsies, 12 h after injection
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Fig. 8.7 Fiber polyglycolic acid—polylactic acid scaffolds before and after seeding with mesen-
chymal stem cells (MSCs). 3D display of subvolumes of scaffolds cultured without cells (a) and
with human MSCs (b) and mouse MSCs (c) for 15 days: giber scaffold (green), thin extracellular
matrix (red)

secrete complex mixtures of ECM proteins and other regulators of cell behavior,
which may affect what happens when exogenous cells or material are implanted
(Yamada and Cukierman 2007).

Using X-ray phase-contrast micro-CT, Albertini et al. (2009) visualized the 3D
image of ECM organization after in vitro seeding of bone marrow-derived human
and murine mesenchymal stem cells (hMSCs and mMSCs, respectively) induced to
myogenic differentiation, labeled with iron oxide nanoparticles, and seeded onto
polyglycolic acid—polylactic acid scaffolds.

Briefly, hMSCs were obtained from iliac crest marrow aspirates of healthy
donors (ages 31-42 years) after obtaining informed consent. The mMSCs were
obtained from C57Bl=6 mice as previously described (Augello et al. 2005). The
scaffold consisted of nonwoven fibers of PGA and PLLA each present at a percent-
age of 50% (BIOFELT; Concordia Fibers, Coventry, RI, USA). After incubation
and treatment with 5-Aza, 50 x 10* Endorem-labeled MSCs were seeded using grav-
ity onto PGA/PLLA scaffolds.

Beamline BMOS5 at the ESRF was used to image and quantify the 3D structural
morphology of each sample noninvasively. Micro-CT experiments were performed
using a monochromatic beam of 20 keV energy and a sample-to-detector distance
of 20 mm. The samples, kept in 70% ethanol, were air-dried before data acquisition.
The acquisition setup was based on 3D parallel tomography with the pixel size set
at approximately 0.7 mm, yielding a visual field of approximately 1.5 mm. The sys-
tem obtained isotropic slice data and reconstructed them into 2D images. Three-
dimensional reconstruction of the samples was obtained from the series of 2D
projections using a 3D filtered back-projection algorithm implemented at the ESRF.
The 3D rendering was performed by commercial software VGStudio MAX 1.1 to
generate 3D images and to visualize the distribution of phases in three dimensions.

The 3D micro-CT of the PGA/PLLA fibers images were quantified using spatial
computational analysis techniques. The quantitative parameters measured for these
scaffolds were in agreement with those reported by the manufacturer.

The 3D micro-CT analysis was easily able to distinguish empty PGA/PLLA
structures from cell-loaded PGA/PLLA scaffolds (Fig. 8.7). Cell-scaffold interac-
tions produced modification of the PGA/PLLA structure, producing images in
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Fig. 8.8 Evidences of new extracellular matrix formation. 2D (frontal section) display of subvol-
umes of scaffolds cultured without cells (a), with human mesenchymal stem cells (hMSCs) (b) and
murine mesenchymal stem cells (mMSCs) (¢) for 15 days: fiber scaffold (green), thin layered
matrix (red). Experimental attenuation coefficient histograms of scaffolds (d) without cells (0) and
with hMSCs (o) and mMSCs (A). The green arrows indicate the polyglycolic acid—polylactic acid
fibers; the red arrows indicate the newly formed fibrillar matrix

which two phases with different attenuation coefficients were evident. The different
phases were colored using 3D display software to make them more easily recogniz-
able. Unmodified PGA/PLLA fibers were shown in green, and thin layers of fibrillar
matrix produced by cells grown on the bioscaffold were depicted in red. The layers
were partially connected to fibers and covered some regions in the network of the
fiber itself (Fig. 8.7b, c). The measured average thicknesses of the layers were
54+1.3 pm and 2.7+0.7 pum for the scaffolds seeded with mMSCs and hMSCs,
both labeled with iron nanoparticles, respectively (Fig. 8.7b, c). Frontal sections
of scaffolds reinforced the information given by the 3D imaging (Fig. 8.8a—c).
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Fig. 8.9 Extracellular matrix detection using X-ray micro computed tomography. 3D display of
the scaffold fibers and of the deposited matrix (a). The “stages” were zoomed in. The matrix fibrils
were initially deposited on the scaffold fibers (Stage I) (b). At Stage II, they appear to be organized
in chains at different sites (¢). At Stage III, chains appear to be organized as networks at different
sites, indicating that the aggregation process contributes to developing matrix layers (d)

It is easily recognizable that although in the scaffold cultured without cells there
was no evidence of the red-layered phase (Fig. 8.8a) this phase was visible in both
of the scaffolds cultured with hMSCs (Fig. 8.8b) and mMSCs (Fig. 8.8c). To make
such evidence clearer, the profile of the “number of voxels versus the experimental
attenuation coefficient” was drawn (Fig. 8.8d).

Elaboration of the 3D image (Fig. 8.9) revealed the presence of thin layers of
fibrillar matrix, possibly corresponding to specific spatiotemporal patterns of fibril
organization. Initially, a few filaments were deposited onto the scaffold fibers, creat-
ing a sparse structure (stage I); they appeared to be organized in chains (stage II).
Finally, layers of filament chains appeared to be organized in the form of a thicker
structure (stage III). The fiber organization and its connection with the scaffold were
similar in samples loaded with hMSCs and mMSCs.
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In conclusion, despite the fact that micro-CT alone is not recommended for
analysis of soft tissues present in the samples because of such low X-ray absorption
(Potter et al. 2006) X-ray micro-CT enabled the authors to detect with high spatial
resolution the 3D structural organization of ECM in the bioscaffold and how the
presence of cells modified the construct arrangement. The use of synchrotron X-rays
has in fact several advantages over laboratory or industrial X-ray sources, including
(1) a high photon flux, which permits measurements at high spatial resolution; (2) a
tunable X-ray source, allowing measurements at different energies; (3) the use of
monochromatic X-ray radiation, which eliminates beam hardening effects; and (4)
parallel beam acquisition, which allows the use of exact tomographic reconstruction
algorithms. Furthermore, the authors performed the experiment with a semiphase
contrast setup that enhances the possibility of visualizing the interfaces between
different phases, highlighting the organization of the ECM.

The images extrapolated from the synchrotron analysis indicated that ECM fibers
aggregated according to a spatiotemporal pattern. Isolated collagen-like fibers that
in other portions of the scaffolds appeared aggregated in progressively thicker lay-
ers (indicating continuous secretion of matrix by the seeded cells) covered a few
scaffold areas. Species-specific differences between the matrix produced by human
and murine cells were observed. In fact, mMSCs secreted a larger amount of ECM
proteins than hMSCs, confirming the species-specific behavior of MSCs (Augello
et al. 2005; Kuznetsov et al. 2001). In this context, noninvasive and quantitative
X-ray micro-CT can be considered a potentially important tool for challenging new
applications in tissue engineering research. Current microscopy techniques are lim-
ited to 2D local information or otherwise require laborious 3D reconstruction of
serial sections. Here, the authors determined the feasibility of using synchrotron
analysis to depict the fine spatiotemporal organization of the net of matrix fibers
layered by MSCs in contact with PGA/PLLA bioscaffolds.

8.3.3 Scaffolds for Bone Tissue Engineering

One of the most critical issues in tissue engineering is the fabrication of scaffolds
with tailored physical, mechanical and biological properties that act as substrates
for cellular in growth and proliferation, and support new tissue formation (Causa
et al. 2007). Scaffolds able to mimic the architecture and biological functions of
ECM are very promising substitutes since they might provide mechanical support,
carry inductive molecules or cells, and supply signals to control structure and func-
tion of newly formed tissue. In recent years, biomaterials design has evolved from
the classical, first-generation, biofunctional materials that seek to incorporate
instructive signals into scaffolds to modulate cellular functions such as prolifera-
tion, differentiation, and morphogenesis. Adult stem cells are defined by two major
functions: multilineage differentiation and self-renewal. These functions are evident
in the key role that the stem cells play in development and regeneration of specific
tissues, in fact stem cells take part increasingly in tissue engineering.
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Progress in the understanding of the molecular mechanisms of self-renewal and
of directed differentiation of stem cells growing on bio-mimetic materials will lead
to the possibility of cell-based therapies, and the possible use of stem cells in tissue
engineering (Liao et al. 2008). Several works (Gerecht-Nir et al. 2004; Levenberg
et al. 2003) have described culturing stem cells within 3D scaffolds, with the gen-
eral aim of inducing stem cell proliferation and differentiation. Stem cells have been
recognized as a promising alternative to somatic cells for cell therapy owing to their
potential to renew themselves through cell division and to differentiate into a wide
range of specialized cell types. In recent years, stem cells have shown significant
promise for their potential to provide a source of undifferentiated progenitor cells
for therapeutic applications in tissue or organ repair. Significant questions still
remain, however, as to the genetic and epigenetic signals that regulate the fate of
stem cells. It is now well accepted that the micro-environment of the stem cell can
have a significant influence on its differentiation and phenotypic expression. Stem
cells have great potential as cell sources for regenerative medicine due to both their
self-renewal and multi-lineage differentiation capacity. One challenge is to develop
reproducible methods to control stem cell growth and differentiation. Stem cells can
be encouraged to differentiate to the required phenotype by manipulating the cul-
ture conditions under which they are maintained. In this way, it is possible to control
or restrict the available differentiation pathways and to generate selectively cultures
enriched with a particular phenotype. Such manipulations include stimulation of
cells with particular cytokines, growth factors, amino acids, other proteins and
active ions and co-culture with a relevant cell/tissue type.

Different biomaterials have been proposed as scaffolds for the delivery of cells
and/or biological molecules to repair or regenerate damaged or diseased bone tis-
sues. Imaging techniques are serving an increasingly important role in the rigorous
characterization of biomaterial properties and function. Chemical composition,
density, pore shape, pore size, and pore interconnection are elements that have to be
considered to improve the efficiency of the biomaterials.

In the study reported in (Renghini et al. 2009) an accurate analysis of the struc-
ture was performed in order to confirm and extend the promising results from previ-
ous works (Vitale-Brovarone et al. 2005, 2008), concerning the use of CEL2
glass—ceramic as effective biomaterial for scaffolding. 3-D highly porous scaffolds,
with a trabecular texture similar to cancellous bone, were fabricated via a sponge-
replication method. The prepared scaffolds were soaked in a simulated body fluid
(SBF) and in a buffer solution (Tris—HCI) for different time intervals and then inves-
tigated by means of m-CT. In particular, micro-CT analysis was used to study the
new phase 3-D distribution in the bulk material and its evolution as a function of the
soaking time in SBF and Tris—HCI medium. It was observed that a hydroxyapatite
(HA) layer grew onto the samples soaked in SBF (Fig. 8.10), showing the high
bioactivity and biocompatibility of the glass—ceramic scaffolds. Moreover, the
decrease in the mean thickness of the walls with immersion time in Tris showed the
bioresorbability of the scaffolds. Finally, the porosity determined by micro-CT
demonstrated that all the scaffolds, before and after the soaking in SBF and Tris,
exhibited a high percentage of porosity (50-60 vol.%). In particular, microstruc-
tural observations (Fig. 8.11) revealed that the samples were characterized by a
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Fig. 8.10 Example of a central virtual slice obtained by micro-CT with the material scaffolds
(white) and the new phase (yellow): slice of sample after treatment in SBF for (a) 1 week and (b)
4 weeks; image of the same slice after “cancelling” the scaffold material: slice of sample after
treatment in SBF for (¢) 1 week and (d) for 4 weeks
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Fig. 8.11 The 3-D pore network showing the bimodal porous structure of the tissue-engineering
scaffold as obtained by micro-CT
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Fig. 8.12 3D display of different scaffolds before implantation: (a) Engipore (hydroxyapatite)
produced by FinCeramica, Faenza, Italy; (b) Skelite™ (silicon-stabilized tricalcium phosphate)
produced by Millenium Biologics Kingston, Ontario, Canada; (¢) Bio-Oss® (natural bone mineral)
produced by Geistlich Pharma AG, Wolhusen, Switzerland

bimodal porous structure comprising macropores, necessary for the growth of
new bone and the vascularization of the implant, and micropores, important for
cells adhesion and proliferation. Therefore, the micro-CT analysis shows that the
proposed CEL2 scaffolds are very interesting candidates for bone tissue engineer-
ing applications.

Recently, different ceramic scaffolds with high porosity were characterized by
Komlev et al. (2010) and 3D bone growth into tissue engineering constructs was
evaluated in vivo at different implantation times by using micro-CT associated with
synchrotron radiation. In this study three types of ceramic scaffolds with different
composition and structure [namely synthetic 100% hydroxyapatite (HA; Engipore),
synthetic calcium phosphate multiphase biomaterial containing 67% silicon stabi-
lized tricalcium phosphate (Si-TCP; Skelite™) and natural bone mineral derived
scaffolds (Bio-oss®)] were seeded with mesenchymal stem cells (MSC) and ectopi-
cally implanted for 8 and 16 weeks in immunodeficient mice. X-ray synchrotron
radiation microtomography was used to derive 3D structural information on the
same scaffolds both before and after implantation. The images of the three scaffolds
before implantation revealed an appreciable difference among their morphologies
(Fig. 8.12). In particular the Bio-Oss®, which was investigated by us for the first
time, contained elongated ellipsoidal pores, whereas the HA scaffold contained
roughly spherical pores.

The histograms of the distribution of the thickness of the scaffold wall of Fig. 8.13
(A) and 4(B), confirmed the results previously obtained in (Papadimitropoulos et al.
2007), namely biodegradation for the Si-TCP scaffold and lack of it for the HA scaf-
fold. The newly investigated Bio- Oss® showed a very little decrease of the scaffold
wall thickness; the decrease was at the limit of detectability, and needs to be con-
firmed by additional experiments. Figure 8.14 (Panels A1-C1), obtained by an inno-
vative imaging procedure, gives an instantaneous pictorial view of the variation in
scaffold wall thickness and confirm in a rather impressive way the uniqueness of the
biodegradation process in Skelite™.
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Fig. 8.13 Histograms of the distribution of wall thickness before and after scaffold implantation:
(a) Engipore (hydroxyapatite); (b) Skelite™ (silicon-stabilized tricalcium phosphate); (c¢) Bio-
Oss® (natural bone mineral). NbTh=New Bone Thickness. (A1-C2) Examples of central slices
through the samples within the 3D local wall thickness map before (A1-C1) and after implantation

(A2-C2). The thickness in each point is coded according to the color map included in panels Al,
B1,C1

Based on these findings, the scaffold degradation in the tissue engineered
implanted constructs was investigated after 16 weeks implantation only for the
SkeliteTM. 3D displays of registered images of pre- and post implantation SkeliteTM
samples implanted for 8 (a) and 16 (b) weeks are presented in Fig. 8.15 (panels
A-B), respectively. As in the registered images of Fig. 8.14 (panel B2) blue and yel-
low correspond to totally or partially resorbed scaffold. The volume percentage
distribution of the different phases is presented in panels Al and B1. An increase in
the percentage of the resorbed scaffold was observed with the increased implanta-
tion time. The analysis proposed in this work is a major improvement as compared
to the imaging procedure adopted in previous works (Papadimitropoulos et al.
2007), where only a comparison between different subvolumes of the implants
before and after implantation was made.

Finally, a high content of innovation is associated to the detailed kinetics studies
on the Skelite™ scaffolds implanted for different times, not only due to the large
number of the implantation times investigated, but also to the recording in the X-ray
absorption histograms of separate peaks associated to HA and TCP in the same scaf-
fold (Fig. 8.16).
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Fig. 8.14 3D display of subvolumes of scaffolds before and after implantation: (a) Engipore; (b)
Skelite™; (¢) Bio-Oss®; (A1-C1) Subvolumes of implanted samples before (A0-CO0) and after
8 weeks (A1-C1) implantation. The images show the new bone (pink) on the surface of the scaf-
folds (white). In the panels A2-C2 are presented the images obtained by combining (registering)
the data of panels A0-C0 with those of panels A1-C1. Blue volumes indicate portions of scaffolds
present in panels A0-CO (pre-implant) and absent in panels A1-C1 (after implantation) and cor-
respond to completely resorbed scaffold. Yellow volumes indicate virgin scaffold volume in which
after implantation a reduction of the sample density is observed

It is therefore possible to observe that the progressive biodegradation of
Skelite™ scaffold is eventually due to the TCP component. It should be noted that
when we investigated by microdiffraction studies the interfaces between the newly
formed bone and the Skelite™ scaffold, the local structural study at the interface
indicated that scaffold biodegradation was mainly due to TCP depletion
(Papadimitropoulos et al. 2007). Moreover, saturation in the TCP resorption
occurred at an implantation time of about 10 weeks, whereas saturation in the tis-
sue engineered bone occurred at an implantation time of about 22 weeks. This
could indicate that the bone growth did not occur only in the scaffold volume that
was resorbed, but also in the inward direction with respect to the pore surface. This
finding is in agreement with previous results (Papadimitropoulos et al. 2007,
Mastrogiacomo et al. 2007). From these examples it appears that non-destructive
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Fig. 8.15 Display based on a combination of the 3D structure of pre- and post implanted Skelite™
samples for 8 (a) and 16 (b) weeks, respectively (white—scaffold; pink—new bone; blue—total
resorption; yel/low—partial resorption (see caption of Fig. 8.3)). (A1-B1) volume percentage dis-
tribution of the different phases

3D imaging techniques, such as micro-CT can increasingly provide also a powerful
set of quantitative data to aid in the development and evaluation of porous bioma-
terials and of engineered tissues and organs.

In a recent study (Komlev et al. 2009) it was proposed to use X-ray synchrotron
radiation pseudo-holotomography to visualize, at three-dimensional (3D) level,
microvascular networks for the first time with no need for contrast agents, and to
extract quantitative structural data in a Bioceramic/MSC composite implanted for
24 weeks in a mouse.

The pseudo-holotomography technique is a new imaging method based on clas-
sical micro-CT and recently developed technique holotomography. In classical
tomography the detector, set directly behind the sample, measures the attenuation,
which allows calculation of the integral of attenuation coefficient along the trans-
mitted path. By repeating this measurement for a large number of angular positions
of the sample and by using a tomographic reconstruction algorithm, it is possible to
reconstruct the attenuation map. On the other hand, holotomography allows to
reconstruct the phase map by knowledge of the phase distribution for each angular
setting of the sample. In fact, with a coherent X-ray beam, phase contrast may be
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Fig. 8.16 Volume histograms of Skelite™ scaffolds implanted from 3 days to 24 weeks (NB
new bone, TCP tricalcium phosphate, HA hydroxyapatite). (a) New bone deposition kinetics;
(b) Percentage of bone volume/total volume; (¢) TCP/HA mean ratio as a function of the implanta-
tion time

simply obtained by free space propagation (i.e., by positioning the detector at some
distance from the sample), while a 2-D projection of the phase map can be obtained
from three or four series of images, each series being recorded at different distance
from the object at each of the different angles of rotation. Then, the 3-D phase map
is reconstructed with the same algorithm as in classical tomography. Anyway,
through the weighted superposition of both attenuation and phase maps (pseudo-
holotomography), it is possible to generate better images.

Figure 8.17a and b is a 3D reconstruction of a bone tissue- engineered construct
24 weeks after the implantation. Three phases are clearly distinguishable: the scaf-
fold (white), the engineered bone (light brown), and the vessel networks within the
pores (green). In Fig. 8.8b, the engineered bone was removed by digital processing
to obtain a clearer evidence of vessel network structure. Three-dimensional repre-
sentation of the structure within one single pore is illustrated in Fig. 8.17c, d. Vessels
are easy to see also in 2D microCT images (Fig. 8.18c). Figure 8.18d shows a his-
togram of the 3D vessel diameter distribution measured within the full volume of
the sample implanted for 24 weeks. The mean vessel diameter measured from
pseudo-holotomography data was 49+25 mm. This value was comparable to the
47+ 18 mm measured in control histology sections.
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Fig. 8.17 3D Pseudo-holotomographic images of the tissue-engineered construct after 24 weeks
of implantation in an immunocompromised mouse. The images show the vessel in-growth inside
the scaffold: vessel growth occurred both in the presence (a, green) and in the absence of newly
formed bone (b, brown=pink). (b—d) Details of 3D spatial distribution of the phases into scaffolds
within one single pore

Pseudo-holotomography was applied to the study of the microvasculature in
bone tissue-engineered constructs implanted in a small animal model, but the poten-
tial methodological development due to this study is likely to be of a much more
general interest, as compared to the chosen stem cell therapeutic approach (bone
tissue engineering). In particular, the progress associated to the present study could
be extrapolated to different biomedical research areas where angiogenesis and
microvasculogenesis play an important role, as for the development of tissues such
as bone, in regenerative medicine, or in pathologies characterized by inflammation
and tissue damage such as diabetes, osteoarthritis, and muscular dystrophy. Of great
interest could also be the application of the pseudo-holotomography to investiga-
tions of therapeutical roadmaps for tumor treatment involving the suppression of
vascularization.
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Fig. 8.18 Statistical information of the 3D vessel network imaging (a, b) and 2D micro-CT image
(c). (d) Histogram of the vessel diameter distribution measured for pseudo-holotomography data
(open circles) and histology

8.4 Conclusion

Stem cell based tissue engineering therapies involve the administration of ex vivo
manipulated stem cell populations with the purpose of repairing and regenerating
damaged or diseased tissue.

Non-destructive 3D imaging techniques such as micro-CT are increasingly pro-
viding a powerful set of quantitative tools to aid in the development and evaluation
of porous biomaterials and new approaches to engineering tissues and organs. A key
advantage of micro-CT imaging is that this method, as well as MRI, may be appli-
cable to monitoring the stem cell homing, after cell labeling with iron oxide nano-
particles. When working on biopsies of small sizes (few millimeters) or small
animals, micro-CT has an appreciably higher spatial resolution as compared to mag-
netic resonance imaging, which on the other hand has the advantage to be applicable
to human body.
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Micro-CT has been also shown to be feasible for 3D studies of bioscaffolds for
tissue engineering, also allowing the 3D visualization, as well as quantitative evalu-
ations, of features very difficult to be detected by other imaging techniques, such as
the vascularization network in engineered bone tissue.
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Chapter 9
Controversies in Corneal Epithelial
Stem Cell Biology

Haifa Ali, Charles Osei-Bempong, Ani Ray-Chaudhuri, Bakiah Shaharuddin,
Arianna Bianchi, Mohit Parekh, and Sajjad Ahmad

Abstract The loss or dysfunction of corneal epithelial stem cells, or limbal stem
cells as they are more commonly known, results in the painful and blinding disease
of limbal stem cell deficiency. In 1997, it was proposed that limbal stem cell defi-
ciency could be treated by transplanting cultured limbal stem cells containing
human limbal epithelium. The area of limbal stem cell biology therefore now
encompasses not only the basic science of stem cell biology but also the area of
translational research and cell therapeutics. Ranging from the laboratory to the
clinic, there are still many controversies in limbal stem cell biology. In this chapter
we describe and outline some of the questions that remain to be answered.
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9.1 Cornea, Limbus, and Limbal Stem Cells

The cornea forms the front of the eye (Fig. 9.1). It transmits and focuses light to the
retina at the back of the eye, enabling visual perception. Clarity is therefore an
essential property of the cornea. The cornea is a three-layered structure composed
of a stratified epithelium on the outer surface, a stroma that makes up approximately
90% of the corneal thickness in the middle, and a single-layered endothelium on the
inner surface. The cornea is an avascular structure nourished by the aqueous humor
on the inside of the eye and the tear film on the outside. The corneal epithelium is
devoid of its own stem cells but is renewed by stem cells located peripheral to the
cornea in a region known as the limbus (Fig. 9.1) (Ahmad et al. 2006, 2010a). The
corneal epithelial stem cells, or limbal stem cells as they are more commonly known,
maintain the corneal epithelium in health and renew it after injury.

9.2 Corneal Epithelial Functions of the Limbus

The limbus has two important functions with regard to the corneal epithelium
(Ahmad et al. 2006, 2010a). The first function of the limbus is to harbor stem cells
for the corneal epithelium. The sclera forms the white covering of the eye, and it
surrounds the cornea. The sclera is covered by the conjunctiva (Fig. 9.1). The con-
junctiva is composed of a stratified epithelium and an underlying vascular stroma.
It is continuous with the limbal epithelium, which in turn is continuous with the
corneal epithelium. If the limbal epithelium is damaged, and hence the limbal
stem cells as well, neither the limbal nor the corneal epithelia can be renewed
(Puangsricharern and Tseng 1995). The surrounding conjunctival epithelium and its
underlying blood vessels then begin to encroach on the corneal surface to fill the
space left by the corneal epithelium. Conjunctival epithelium is phenotypically and
physiologically different from the corneal epithelium, and the conjunctiva is a vas-
cularized structure. Encroachment of both of these structures would therefore obvi-
ously result in loss of corneal clarity and function. The second function of the limbus

Cornea.
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\
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\\

Conjunctiva

Fig. 9.1 Front and side view of the human eye showing the cornea, limbus, and conjunctiva
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is therefore to act as a barrier preventing the conjunctival epithelium and its blood
vessels from encroaching on to the corneal surface.

9.3 Limbal Stem Cell Deficiency

Limbal stem cell deficiency is a disease that results from the loss or dysfunction
of limbal stem cells. The two functions of the limbus, described above, then fail.
The corneal epithelium cannot be maintained because of the failure of limbal stem
cell proliferation, and the corneal surface becomes covered by the conjunctival epi-
thelium and its blood vessels due to loss of the barrier function of the limbus.

9.3.1 Effects of Limbal Stem Cell Deficiency

The two main effects of limbal stem cell deficiency are pain and blindness (Ahmad
et al. 2006, 2010b). Recurrent corneal epithelial defects result from the inability to
maintain the corneal epithelium. The corneal surface is highly innervated. A rough,
irregular corneal surface therefore becomes increasingly painful especially during
blinking. In addition, limbal stem cell deficiency is often accompanied by varying
degrees of inflammation on the surface of the eye and even within the front of the eye,
thereby exacerbating the pain. Visual impairment and even total blindness can result
from the conjunctivalization in limbal stem cell deficiency and loss of corneal clarity.
Glare and photophobia also result from the irregularity of the corneal surface.

9.3.2 Causes of Limbal Stem Cell Deficiency

There are many known causes of limbal stem cell deficiency (Puangsricharern and
Tseng 1995), and they can be separated into primary (hereditary) and secondary
(acquired) causes. Rarely, no cause can be determined, which is known as idiopathic
limbal stem cell deficiency (Espana et al. 2002). Hereditary causes include ectoder-
mal dysplasia and aniridia. With aniridia, due to a mutation in PAX6, it is thought
that the niche for limbal stem cells is affected, which results in limbal stem cell
dysfunction and dysregulation (Ramaesh et al. 2003, 2005). Acquired causes include
chemical and thermal burns to the surface of the eye that result in direct damage and
loss to the limbal stem cells and probably also alteration of their niche (Kolli et al.
2010). Contact lens wear can also result in limbal stem cell deficiency, either as a
result of chemical damage from the solutions used, mechanical damage to the cor-
neal and limbal surfaces, or a combination of these two processes. Inflammatory
causes include Stevens-Johnson syndrome and ocular cicatricial pemphigoid and
the limbal stem cell deficiency. Results from these disorders are often difficult to
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manage owing to prolonged and ongoing inflammation. Iatrogenic causes include
the use of chemotherapeutic agents such as mitomycin C on the surface of the eye,
extensive limbal surgery or cryotherapy, and irradiation.

9.3.3 Types of Limbal Stem Cell Deficiency

To decide on the management strategy for limbal stem cell deficiency, it is essential
to define the type of limbal stem cell deficiency (Ahmad et al. 2006). The three main
ways to define limbal stem cell deficiency are the cause, whether one or both eyes
are affected, and the extent of limbal stem cell deficiency. The cause of limbal stem
cell deficiency is important in determining the treatment path. Burns and iatrogenic
causes are more likely to be asymmetrical and affect one eye more than the other,
whereas hereditary, contact lens-related, and inflammatory causes are more likely to
affect both eyes. Another way to define limbal stem cell deficiency is to define the
symmetry of the disease. If one eye if affected, unilateral limbal stem cell deficiency
results; and if both eyes are affected, it is termed bilateral limbal stem cell defi-
ciency. Whether the patient has unilateral or bilateral limbal stem cell deficiency is
important when determining the management strategies because with unilateral
limbal stem cell deficiency there is a potential source of healthy limbal tissue on the
other eye. The final way to define limbal stem cell deficiency is to determine the
extent of the deficiency. If the whole limbal and corneal surface is affected, it is
termed total or diffuse limbal stem cell deficiency; whereas if part of the limbus and
cornea is affected, it is termed partial or focal limbal stem cell deficiency. Thus,
when choosing the management option for limbal stem cell deficiency, it is impor-
tant to know the cause of the disease, whether it is unilateral or bilateral, and whether
it is total or partial.

9.3.4 Management Options for Limbal Stem Cell Deficiency

Management of limbal stem cell deficiency includes medical and surgical options
(Fig. 9.2). Medical options include the use of lubricant eye drops to relieve discom-
fort, steroid eye drops to reduce inflammation, and autologous serum drops to pro-
mote epithelial healing (Geerling et al. 2004). It is important to avoid the use of
preservative-containing drops if possible as they can cause epithelial toxicity or
impair epithelial healing. Bandage contact lenses can also be used to reduce dis-
comfort. Systemic steroids and immune suppression may also be used in cases of
inflammatory limbal stem cell deficiency to reduce the inflammation.

Surgical options are used to provide a longer-term cure of the stem cell deficiency
rather than temporary alleviation of symptoms. Prior to treating the limbal stem cell
deficiency, it is vital that any problems with eyelid closure or eyelid position are
addressed (DeSousa et al. 2009). Such eyelid abnormalities can be deleterious to
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Fig. 9.2 Flow diagram shows the medical and surgical management options for limbal stem cell
deficiency

any definitive surgical treatment for the stem cell deficiency. Once the eyelids are
addressed, the limbal stem cell deficiency can be confronted directly. Corneal trans-
plantation is not a viable treatment option for limbal stem cell deficiency in the first
instance. Conventional corneal transplantation involves transplanting the central
avascular full-thickness donor cornea. This includes the corneal epithelium, the
stroma, and the endothelium. This option is beneficial for stromal and endothelial
disease. For epithelial diseases, such as limbal stem cell deficiency, it is not a viable
option. Once the terminal corneal epithelial cells are shed from the surface of the
transplanted cornea, they need to be replaced by healthy limbal stem cells. With
limbal stem cell deficiency this is not possible, and the normal corneal epithelium on
the corneal transplant is not renewed, causing the transplant to fail. Corneal trans-
plantation is, however, a viable option in limbal stem cell deficiency to treat any
stromal or endothelial damage present only as a second procedure once the limbal
stem cell deficiency has been rectified (Kolli et al. 2010).

Conventional surgical management of limbal stem cell deficiency involves trans-
plantation of limbal tissue grafts (Kolli et al. 2010; Kenyon and Rapoza 1995;
Kenyon and Tseng 1989). They can be autologous if the patient’s other eye is healthy
or allogeneic from living or cadaveric donors. In the case of allogeneic grafts,
immune suppression is necessary. In all cases of limbal tissue grafts, significant
amounts of limbal tissue are required to reverse the limbal stem cell deficiency.
If limbal tissue is removed from a living eye (whether from the patient’s healthy eye
or from a donor), there is a significant risk of limbal stem cell deficiency in the donor
eye because of the large amount of tissue required. For this reason, it was proposed
in 1997 that a small piece of limbal stem cells containing limbal tissue could
be taken and the epithelial cells then expanded by culture (Pellegrini et al. 1997).
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The culture-expanded tissue was then transplanted successfully to treat the limbal
stem cell deficiency. Cultured limbal epithelial grafts for limbal stem cell deficiency
are contemporary management options for limbal stem cell deficiency (Shortt et al.
2007a).

9.4 Controversies in Limbal Stem Cell Biology

Limbal stem cell biology now encompasses an ever-expanding field from basic sci-
ence to clinical applications for limbal stem cell biology. The clinical relevance of
understanding limbal stem cell basic biology has made research in this field even
more relevant. Limbal stem cell biology in its own right as a science is important in
stem cell biology. Because the limbal stem cells are more or less distinctly separated
from the corneal epithelial cells, it provides an important stem cell model for under-
standing the stem cell niche differences between the stem cells and their differenti-
ated progeny. In addition, the translational aspects of stem cell biology in the form
of cultured limbal stem cells is providing insight into how stem cell technologies
and bioprocessing practices can be employed to treat diseases. Finally, the clinical
application of limbal stem cell biology in the form of limbal tissue transplants or
cultured limbal epithelial transplantation is providing insight into the direct applica-
tion of stem cell biology to treat disease. However, in all aspects of this varied field,
many answers remain unresolved. The remainder of this chapter discuss some of the
controversies.

9.4.1 How Can We Identify Limbal Stem Cells?

Hematopoietic stem cells can be identified on the basis of a profile that includes
factors that positively enrich for them and those that negatively enrich for them
(Armstrong et al. 2004). This results in a more purified population of hematopoietic
stem cells being enriched from a cell soup of differentiated hematopoietic cells and
other supporting or surrounding cells in the tissue. A similar process cannot be used
to enrich limbal stem cells from their more differentiated progeny, the transient
amplifying cells of the corneal epithelium, and the differentiated corneal epithelial
cells. An enriched population of limbal stem cells therefore cannot be obtained, and
we are unable to carry out research on the limbal stem cells themselves more directly.
There are, however, some markers for limbal stem cells, both negative and positive,
that we do know about.

The well established and recognized negative markers for limbal stem cells are
the intermediate filament proteins cytokeratins 3 and 12 (Kurpakus et al. 1990) and
the gap junction protein connexion 43 (Grueterich et al. 2002; Wolosin et al. 2002).
Cytokeratins 3 and 12 form a dimer that is characteristic for differentiated corneal
epithelial cells; they are not found in limbal stem cells. Connexin 43 is a gap junction
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protein that enables cell-to-cell interaction between corneal epithelial cells. It is not
found in limbal stem cells. The well recognized positive markers for limbal stem
cells are the delta-N-p63 alpha isoform of the transcription factor p63 (Pellegrini
et al. 2001) and the cell membrane transporter protein ATP binding cassette subfam-
ily G member 2, ABCG2 (de Paiva et al. 2005; Budak et al. 2005). Both are well-
recognized positive markers. Controversy has surrounded delta-N-p63 alpha in that
many thought it could also be found in differentiated corneal epithelial cells (Di lorio
et al. 2005, 2006). This was mainly due to problems with the specificity of the p63
antibody used.

Although these negative and positive markers for limbal stem cells do exist, the
problem is not really separating limbal stem cells from differentiated corneal epi-
thelial cells but from the transient amplifying cells that form the intermediate dif-
ferentiated cell type. This is much more difficult and is mainly where the challenge
now lies. CCAAT/enhancer binding protein delta or C/EBP-delta and BMI1 have
also been described as positive markers for limbal stem cells (Barbaro et al. 2007).
C/EBP-delta is a transcription factor that has been implicated in controlling limbal
stem cell self-renewal by alteration of the cell cycle. BMII is responsible for
hematopoietic stem cell self-renewal and plays a similar role in limbal stem cells.
Delta-N-p63-alpha, on the other hand, is present in limbal stem cells; but its role is
putatively for cell proliferation. It has therefore been hypothesised that C/EBP-
delta, BMI1, and delta-N-p63-alpha are all expressed in resting limbal stem cells.
Delta-N-p63-alpha, but not C/EBP-delta or BMI1, are expressed by activated limbal
stem cells and early transient amplifying cells. Delta-N-p63-alpha expression is
then down-regulated; and delta-N-p63-beta and gamma are expressed in the more
differentiated late transient amplifying cells. A greater understanding of mecha-
nisms such as these is crucial for being able to identify markers that are more spe-
cific to limbal stem cells than the early transient amplifying cells of the corneal
epithelium. Indeed, the results of gene microarray studies on limbal stem cells are
currently being investigated and used to identify new markers (Bian et al. 2010).
It is hoped that in the near future there will be a cohort of limbal stem cell enriching
markers, preferably on the cell surface, that can be used to purify for limbal stem
cells as is done for hematopoietic stem cells.

9.4.2 Where Are Corneal Epithelial Stem Cells Located?

It has long been believed that the stem cells for the corneal epithelium reside in the
limbus. There are many reasons for this and various forms of evidence. Early stud-
ies on guinea pig eyes with pigmentation at the limbus showed migration of this
pigment when corneal epithelial wounds healed (Davanger and Evensen 1971).
The slow cycling nature of stem cells is exhibited by cells located in limbal epithe-
lium, as shown by radiolabeling studies such as those with tritiated thymidine
(Cotsarelis et al. 1989). Cultures established from limbal epithelial cells display a
greater proliferative potential than those from the peripheral or central cornea
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(Kruse and Tseng 1991, 1992). Proliferative potential is an important property of
stem cells. Clinically, it has been shown that limbal stem cell deficiency can be
treated successfully using limbal tissue. A vast amount of evidence has accumu-
lated over the past two or three decades indicating that the basal layer of the limbal
epithelium is the site for the corneal epithelial stem cell or limbal stem cell as it is more
commonly known owing to its anatomical location. It has recently been proposed
that the serial transplantation of corneal epithelium, in contrast to limbal epithe-
lium, in the mouse shows that corneal epithelial stem cells are indeed located in the
cornea itself as well (Majo et al. 2008). These studies, however, are unable to show
whether the transient amplifying cells or the stem cells are enabling survival of the
transplanted corneal epithelium or whether the corneal epithelial transplants can
maintain the corneal epithelium long term. These studies go against the vast amount
of evidence indicating that corneal epithelial stem cells are located at the limbus.

The limbal epithelium is stratified epithelium with undulations of its basal layer,
which increases the surface area of the basal layer exposed to the stroma and its
underlying vascular supply. The radiolabeling studies previously mentioned indi-
cate that slow cycling cells, consistent with stem cells, are found in the basal layers
of the limbal epithelium. Immunohistochemical studies using the cytokeratin 3/12
dimer, connexion 43, p63, and ABCQG?2 all indicate that limbal stem cells are found
in the basal layer of the limbal epithelium. All this evidence indicates that the
basal layer of the limbal epithelium is the site of the corneal epithelial stem cell.
As already noted, the basal layer of the limbal epithelium undulates and has down-
growth into the limbal stroma. Imaging and histological analysis have revealed that
it is likely that the limbal stem cells are found in the bottom of these downgrowths,
or crypts, as they have become to be known (Dua et al. 2005; Shortt et al. 2007b).
It is not unexpected that limbal stem cells should be found in the base of these
limbal crypts. Close proximity to a blood supply is an important prerequisite for
the survival of stem cells, bringing them nutrition and access to vital growth factors
and cytokines.

9.4.3 Are Limbal Stem Cells Unipotent?

The potential of stem cells gives an indication of their ability to differentiate into
various cell types. Embryonic stem cells are pluripotent in that they can theoreti-
cally give rise to all cell types of the body (Stojkovic et al. 2004). Hematopoietic
stem cells, on the other hand, have more limited differentiation potential; and they
are termed multipotent in that they can give rise to many but not all cell types. Most
other adult stem cells have a much more limited potential and are, on the whole,
either unipotent or bipotent, giving rise to one or two cell types, respectively. We
know that limbal stem cells are able to generate epithelial cells both in vitro and
in vivo. There is, however, some evidence that limbal stem cells also have a neuro-
genic potential both in vitro and in vivo (Zhao et al. 2002, 2008; Chacko et al. 2003).
This is not unexpected in that we know the corneal epithelium and its nerve supply
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are almost intermingled and that the health of the corneal epithelium is very much
reliant upon its nerve supply, as shown by the significantly impaired corneal epithe-
lial stability in neurotrophic keratopathies. In addition, the recent importance of
nerve growth factors and their receptors in limbal stem cells would also not be sur-
prising (Qi et al. 2007, 2008). It would therefore not be surprising if limbal stem
cells were indeed bipotent, having both epithelial and neurogenic potential.

9.4.4 What Is the Best Way to Culture Human Limbal
Epithelium?

The main means of culturing limbal stem cells is by culturing limbal stem cells
containing human limbal epithelium. There are various debates regarding the best
method for culturing human limbal epithelium to maintain and amplify the limbal
stem cells (Shortt et al. 2007a; Grueterich et al. 2003a; Osei-Bempong et al. 2009).
The first is whether mitotically inactivated mouse 3T3 fibroblasts alone or human
amniotic membrane, or a combination of the two, are better for culturing human
limbal stem cells. This question remains to be fully addressed. Human amniotic
membrane is relatively immune-privileged and does not require recipient immune
suppression.

The second question occurs in the case where human amniotic membrane is used
as a substrate to culture the limbal epithelium. Human amniotic membrane has its
own single-layered epithelium; and some say that the limbal stem cells culture best
with an intact amniotic membrane epithelium, whereas others suggest it should be
removed or denuded (Koizumi et al. 2000; Grueterich et al. 2003b). The data are
conflicting data as to whether intact or denuded amniotic membrane is best.

The third question is whether limbal epithelial cells should be cultured directly
from pieces of limbal tissue (i.e., explants) (Fig. 9.3) or the epithelial cells should
be removed from the limbal explant and then cultured as a cell suspension (Koizumi
et al. 2002; Zhang et al. 2005). Study groups have used one or the other method, but
there has been no direct comparison of the two techniques. The answer to which
system is best for culturing human limbal epithelium therefore remains to be
addressed.

9.4.5 What Is the Long-term Qutcome of Cultured Limbal
Epithelial Transplants?

The technique of culturing human limbal epithelial cells and then transplanting
them in patients with limbal stem cell deficiency was first described in 1997
(Pellegrini et al. 1997). Since then, there have been multiple cases and case series
of such transplants. There have also been various modifications of both the culture
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Fig. 9.3 Human limbal explant culture on a human amniotic membrane shows epithelial
outgrowth

and transplantation techniques, the most notable being the use of human amniotic
membrane as a substrate to culture the limbal epithelium rather than using 3T3
fibroblasts as a feeder layer (Tsai et al. 2000). Many causes of limbal stem cell defi-
ciency have been treated using this technique, from chemical burns to inflammatory
eye disease. The main problem with most of the case series to date, and in some
cases these are large case series, is that in these studies there were different types of
limbal stem cell deficiency treated with different causes; and in some cases, varying
culture or transplantation techniques were used (Ahmad et al. 2010b; Shortt et al.
2007a). In many cases, the outcome data from the patients were either not provided
or inadequate. For these reasons it is often difficult to make a valid scientific assess-
ment as to whether cultured limbal epithelial transplantation is successful, even if
the clinical results suggest it is.

A review of the case series in 2007—a decade after the first cultured limbal epi-
thelial transplants were performed—showed that the overall success of the trans-
plants was in the region of 80%: approximately 85% for autologous cultured limbal
epithelial transplants and 75% for allogeneic transplants (Shortt et al. 2007a). This
was based on improved visual acuity as the main outcome measure. More recent
longer-term results in 112 patients, reported by the group that originally proposed
and developed the technique of culturing and transplanting autologous limbal epi-
thelium for limbal stem cell deficiency, showed a success rate of 76.6% (Rama et al.
2010). They suggested that if failure occurs it tends to happen during the first year
after transplantation. They also suggested that success of the transplant very much
depends on the proportion of cultured limbal epithelial cells expressing p63.
A review of the data to date suggested that cultured limbal epithelial transplantation
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is effective in treating limbal stem cell deficiency, but it remains difficult to obtain
a more accurate estimate of the success owing to the variability within each study
and between studies.

9.4.6 How Do Cultured Limbal Epithelial Transplants Work?

If someone has limbal stem cell deficiency and he or she is treated with a transplant
that contains limbal stem cells, it would reasonable to suggest that it works because
it reverses the loss of limbal stem cells. The answer, however, is not that simple.
Data from both allogeneic whole tissue and cultured limbal epithelial transplants
show that the donor cells or their progeny cannot be identified in the recipient cor-
neal epithelium even as early as a few months after the procedure (Daya et al. 2005;
Henderson et al. 1997, 2001a, b). This is despite continued reversal of the patient’s
limbal stem cell deficiency. It has been hypothesized that the transplanted limbal
epithelial cells somehow stimulate the few remaining recipient limbal stem cells to
self-renew and proliferate (Daya et al. 2005). This theory would indeed account for
why the limbal stem cell deficiency is reversed despite the absence of any donor
cells. It remains to be determined, though, how transplanted limbal epithelial cells,
either as whole tissue or cultured transplants, reverse limbal stem cell deficiency.
It does not seem to be a simple compensation for the limbal stem cell loss by trans-
planting more limbal stem cells. Modern clinical imaging techniques may give
some evidence to the fate of the transplanted cells.

9.4.7 How Can the Technique of Cultured Limbal Epithelial
Transplantation Be Used More Widely?

The technique of culturing human limbal epithelial cells and then transplanting
them has various limitations. The first is the requirement of expertise: being able to
culture the limbal epithelial cells successfully and then to evaluate and transplant
them into patients. The second is the requirement of specialized clean laboratories
that utilize good manufacturing practice procedures to process transplant grade cells
and tissues. The third is regulatory approval for culturing human limbal epithelium
for transplantation purposes. The fourth is the expense of regulating and culturing
the tissue. For these main reasons, among others, the technique cannot be used in
ophthalmology units on a more widespread basis. Also, it is not viable for all oph-
thalmology units to be able to perform this technique. One way of bypassing some
of these problems is to have a centralized facility for culturing human limbal tissue
and then transporting the cultured tissue to surgeons for transplantation in patients
with limbal stem cell deficiency. This process would require optimization of trans-
portation strategies for cultured human limbal epithelium and assessment of their
efficacy following transportation.
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9.4.8 What Regulatory Issues Are There Regarding Culturing
Limbal Epithelium for Transplantation?

The technique of culturing human limbal tissue for transplantation has to be a regu-
lated process (Daniels et al. 2006) to ensure both the surgeon and the patient that the
material is safe to use and of adequate quality. There are various requirements for
this regulation process. First, the tissue must be cultured using good manufacturing
practice in a clean laboratory. Second, the end product (i.e., the cultured limbal
epithelial cells) must be microbiologically sterile. Third, the culture must be of a
sufficient standard. In the case of cultured human limbal epithelium, the various
methods used to assess the culture could be simply morphological, histological, or
on a more molecular level. To determine the standard, a series of trial or validation
cultures must be established so each culture can be compared to this standard. This
whole process is regulated using good manufacturing practice and must be approved
on a national or more regional basis. At present, one problem is that in some coun-
tries there is no regulatory authority for this relatively new area of translational
research. The other problem is what to do when tissue being processed through
regulated means in one country needs to be transported to another country where
either there is a different regulatory authority. These are all gray areas that will need
to be tackled in the future as the technique becomes more widely used.

9.4.9 How Can Bilateral Limbal Stem Cell Deficiency
Be Treated?

A more effective treatment of bilateral limbal stem cell deficiency remains a major
challenge in limbal stem cell biology (Ahmad et al. 2006, 2010a, b). The technique
of transplanting cultured human limbal epithelium is particularly effective in the
treatment of unilateral limbal stem cell deficiency, where the patient’s other, healthy
eye can be used as the donor source for the culture. Of course allogeneic limbal
epithelial cells, either as whole tissue or cultured, can be used to treat bilateral lim-
bal stem cell deficiency. However, immune rejection after the transplant remains a
problem and therefore requires potent immune suppression. Patients with bilateral
disease are therefore often reluctant to have allogeneic transplants owing to the risk
of life-threatening infections or neoplasia arising from immunosuppressant agents.

Cultured autologous oral mucosal epithelium has been proposed as an effective
treatment modality for bilateral limbal stem cell deficiency (Inatomi et al. 2006).
Oral mucosal epithelium, once cultured, has been shown to exhibit properties of
corneal epithelium. However, the results from these transplants have shown them to
be less effective than using cultured allogeneic limbal epithelial transplants. These
patients also commonly develop peripheral corneal vascularization, which is obvi-
ously a characteristic feature of the original limbal stem cell deficiency. The long-
term results of cultured autologous oral mucosal epithelial transplants remain to
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be determined. Other autologous cells being suggested as possibilities for treating
limbal stem cell deficiency include mesenchymal stem cells isolated from bone
marrow (Ma et al. 2006) or cells from the skin (Blazejewska et al. 2009) or dental
pulp (Gomes et al. 2010).

9.5 Conclusions

Limbal stem cell biology encompasses areas from basic stem cell science to cellular
therapy. All the aspects of limbal stem cell biology, from its science to its clinical
application, have numerous questions that remain to be answered. In this chapter we
addressed some of these controversies and dealt with how these questions might be
answered. Research into limbal stem cell biology has a hopeful future, not least
because its greater understanding has already resulted in the treatment of a painful
and blinding disease, namely limbal stem cell deficiency.
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Chapter 10
Type 1 Diabetes and Stem Cells:
A New Approach

Erdal Karaoz

Abstract The development of diabetes could be reasonably considered the result
of disruption of the balance of the production and destruction of beta cells. Therefore,
improving the regeneration potential of beta cells to the recovery level of damage
caused by the autoimmune system was proposed as an alternative model of therapy
for type 1 diabetes. Some in vivo and in vitro studies have noted that the presence
of pancreatic progenitor/stem cells in islets may be a potential source for transplant-
able insulin-producing cells and that they had phenotypic markers identical to those
in mesenchymal stem cells (MSCs) from bone marrow. The immunosuppressive
activities of MSCs on the T cells, natural killer cells, B cells, and dendritic cells
have been demonstrated. It is critical to determine whether these known functions
of the MSCs can be fulfilled by pancreatic islet-like stem cells. Potentially, the
immunological interactions between beta cells and pancreatic islet stem cells could
have a role in the development of type 1 diabetes.

10.1 Introduction

From the point of view of the beta cell mass being a critical component of glucose
homeostasis, studies on humans and rodents have demonstrate their plasticity and
ability to expand in response to increasing insulin demands. In humans, a 50%
higher volume of beta cells were seen in nondiabetic obese subjects than in lean
nondiabetic controls (Butler et al. 2003). Furthermore, the autopsy series by Meier
et al. showed that the pancreas of patients with longstanding type 1 diabetes had
retained some of their regenerative capacity, as indicated by the presence of insulin-
producing beta cells even after decades of autoimmune attacks (Briining et al. 1997).
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The development of diabetes could be reasonably considered the result of disruption
of the balance between production and destruction of beta cells. Therefore, improv-
ing the regeneration potential of beta cells to a level of recovery after the damage
caused by the autoimmune system was proposed as an alternative therapeutic model
for type 1 diabetes (Guz et al. 2001; Claiborn and Stoffers 2008). Accordingly,
many studies have been performed using experimental animal models. Although
different strategies were applied in these studies, the endpoints focused on three
main points: (1) to demonstrate the presence of intrapancreatic and islet-derived
stem or progenitor cells; (2) to test whether these stem or progenitor cells contribute
to the regeneration of pancreatic beta cells in the experimentally damaged pancreas
or islets; and (3) to determine the effects of regeneration of beta cells on diabetes.

Much evidence has been accumulated regarding the formation of mature islet
cells from stem or progenitor cells by differentiation in experimentally damaged
pancreas models (Bonner-Weir et al. 1993; Sandgren et al. 1990). The development
of new islets from pancreatic duct epithelium, for example, was found to be induced
by partial pancreatectomy in rodents (Bonner-Weir et al. 1993). The induction of
endocrine cell regeneration from intra-islet progenitors was illustrated in another
model, in which alloxan and streptozotosin (STZ) were used to decrease the viabil-
ity of beta cells (Korcakova 1971; Cantenys et al. 1981). Numerous other experi-
mental models were introduced to confirm the role of pancreatic progenitor or stem
cells in the regeneration of islets, such as partial duct obstruction (Rosenberg
and Vinik 1992), application of steroids (Kem and Logothetopoulos 1970), insulin
antibodies (Logothetopoulos and Bell 1966), trypsin inhibitor (Weaver et al. 1985),
specific growth factors (Otonkoski et al. 1994), creating beta-cell damage by
caerulein (Elsasser et al. 1986), and overexpression of Regl (Yamaoka et al. 2000),
interferon y I (Gu and Sarvetnick 1993), or transforming growth factor o (Sandgren
et al. 1990).

10.2 Pancreas-Derived Progenitor or Stem Cells

There are several attempts to identify stem/progenitors cells in pancreatic tissue as
a potential source for transplantable insulin-producing tissue. Unfortunately, the
origin of new beta cells in adult pancreas is still unknown. Some in vivo and in vitro
studies thought that pancreatic progenitor/stem cells were in the islets (Guz et al.
2001; Lechner et al. 2002; Banerjee and Bhonde 2003; Cornelius et al. 1997,
Gershengorn et al. 2004, 2005; Atouf et al. 2007; Davani et al. 2007; Morton et al.
2007), whereas others reported that new adult beta cells might originate from pre-
existing beta cells (Treutelaar et al. 2003; Parnaud et al. 2008). Additional studies
supported the idea that human and rodent epithelium of pancreatic duct cells could
differentiate into a pancreatic endocrine phenotype. This location might be the place
for stem cells in the pancreas that function naturally to renew islets for the life span
of the host (Guz et al. 2001; Cornelius et al. 1997; Treutelaar et al. 2003; Peck
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and Cornelius 1995; Bonner-Weir et al. 1993, 2000; Taguchi and Otsuki 2004). The
transdifferentiation of acinar cells to islets has also been proposed (Teng et al. 2007;
Gu et al. 1994; Baertschiger et al. 2008; Minami et al. 2005; Sphyris et al. 2005).

Gershengorn et al. demonstrated that fibroblast-like cells from adult human islets
donated postmortem could proliferate readily in vitro (Gershengorn et al. 2004,
2005). These mesenchymal-type cells, which exhibit no hormone expression, could
then be induced to differentiate into hormone-expressing islet-like cell aggregates
that restore the typical epithelial character of islet cells. It was thought that precur-
sor cells were obtained from the insulin-expressing cells by epithelial-to-mesenchy-
mal transition; and after the expansion, they were more easily differentiated into
insulin-expressing cells by mesenchymal-to-epithelial transition compared with
other precursor cells or by transdifferentiation. However, Gershengorn et al. more
recently reported that human islet-derived precursor cells (hIPCs) were a type of
mesenchymal stem cell (MSC) (Gershengorn et al. 2005; Davani et al. 2007).
Moreover, they provided evidence that mouse IPCs in long-term culture were not
derived from beta cells (Morton et al. 2007). Experiments carried out using mouse
islets have demonstrated that murine beta cells did not undergo epithelial-to-mesen-
chymal-to-epithelial transition (EMET) (Meier et al. 2006; Atouf et al. 2007; Morton
et al. 2007). A few recent studies demonstrated the dedifferentiation of pancreatic
cells from islets into precursor cells, which later expanded and redifferentiated into
the pancreatic lineage progenies (Lechner et al. 2005; Zhao et al. 2007).

In many research reports, different names were used to describe the pancreatic
progenitor cells in islets, including intra-islet progenitor cells (Guz et al. 2001;
Banerjee and Bhonde 2003), pancreatic stem cells (Schmied et al. 2001; Suzuki
et al. 2004), small cells (Zhao et al. 2007), islet-derived progenitor cells (Linning
et al. 2004; von Mach et al. 2004; Wang et al. 2004), multipotent stem cells (Choi
et al. 2004), nestin-positive islet-derived progenitor (NIP) cells (Cornelius et al.
1997; Lechner et al. 2002; Abraham et al. 2004; Zhang et al. 2005; Eberhardt et al.
2006), monoclonal pancreatic stem cells (Xiao et al. 2008), and beta-stem cells
(Duvillie et al. 2003).

Recently, we and some other research groups showed that nestin-positive pro-
genitor/stem cells from islets of human and murine pancreas had phenotypical
markers identical to those of MSCs from bone marrow and were able to proliferate
and differentiate into insulin-producing cells in vitro (Lechner et al. 2002;
Gershengorn et al. 2005; Zhang et al. 2005; Atouf et al. 2007; Davani et al. 2007,
Karaoz et al. 2010a) (Table 10.1, Figs. 10.1, 10.2, 10.3, 10.4). Additionally, the
expression patterns of Oct4, Rex1, and Sox2, which are generally recognized as the
master regulators of stem cell renewal and differentiation, were analyzed by our
group and were found to be expressed by rat pancreatic islet-derived progenitor/
stem cells (Karaoz et al. 2010a) (Table 10.2). We also showed by reverse transcrip-
tion-polymerase chain reaction (RT-PCR) that the nestin-positive cells in the pan-
creatic islets express neither the hormones insulin, glucagon, somatostatin, or
pancreatic polypeptide nor the markers of embryonic development of endocrine pan-
creas (Fig. 10.3). Therefore, based on our observations and scientific evidence, we
called them “pancreatic islet-derived stem cells” (PI-SCs) (Karaoz et al. 2010a).
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Table 10.1 Immunocy-

tochemical properties
of rPI-SCs

E. Karaoz

Antibody/marker

rPI-SCs (passage 3)*

CD 31/PECAM-1
CD 34

CD 45

CD 71
CD105/Endoglin
c-Fos

Collagen II Ab-2
Collagen Ial
B-Tubulin
Nestin

Vimentin
Desmin
Fibronectin
Smooth muscle a-actin
Actin

MyoD

Myosin Ila

S100

Myogenin Ab-1
Tropomyosin
MAP 2a,b, Ab-2
GFAP Abl

3 Tubulin
NSE/y enolase
HNK-1ST
Osteocalcin
Osteonectin (SPARC)
Osteopontin
BMP-2

BMP-4

Glut2

Insulin
Glucagon
Somatostatin
C-Peptide
PDX-1

VWF

CD146
Cytokeratin 19
Cytokeratin 18
PCNA

Ki67

BrdU

STAT3
Connexin43

T+ + Q9888

F+QF A+ Qo+ L
+

+
=3

T+ +++ Q0+t QT+ +

rPI-SCs pancreatic islet stem cell receptors

*+ positive, & lack, —/+ weak

*Immunoreactivity was positive in 10-20% of the cells



Fig. 10.1 Pancreatic islet stem cell receptors (rPI-SCs) in culture. Fibroblast-like cells is observed
growing out and away from pancreatic islets (PI) (arrows) after 9 days (a). Three-dimensional
architecture of the pancreatic islets was initiated to disrupt (indicated by the asterisk) during the
following days (day 11). Degenerated islets are observed around the PI-SCs (b). After the next
passages, most of these stem cells exhibited large, flattened, or fibroblast-like morphology. (¢) P,

4th day; (d) P, 5th day. (a =x40; b—d = x200; ¢ = x100)
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Fig. 10.2 Representative flow cytometry analysis of cell-surface markers in rPI-SCs at the P,



Fig. 10.3 Electron microscopic analysis of tPI-SC. The cells show pale, eccentric, irregularly shaped,
large nuclei (N), usually with multiple nucleoli. Chromatin forms a thin and dense layer inside the
perinuclear cisternae. The cytoplasm had many rough endoplasmic reticulum cisternae with dilated
and contained electron-dense material (white asterisks) and mitochondria (arrows). Free ribosomes
(black asterisks) and lots of empty vacuoles were present in the cytoplasm. The plasma membrane of
rPI-SC has several thick pseudopodia-like structures (arrowheads). Scale bar 1 p

Fig. 10.4 Representative panels of immunofluorescence detection of some markers on rPI-SCs.
Almost all of the rPI-SCs expressed connexin43 (a), fibronectin (d), vimentin (e), B-tubulin (f),
BMP-2 (f), myogenin (g), B3-tubulin (h), and MAP2a,b (i). There was no immunoreaction for
cytokeratin 18 (b) or cytokeratin-19 (c¢). Nuclei were labeled with DAPI (blue). Scale bars=50 nm
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10.3 Immunosuppressive and Immunomodulatory Properties
of Adult Stromal MSCs

Up to now in studies related to islet-like MSCs, the main idea was to use those cells
as an endogenous source for cell-mediated treatment of type 1 diabetes. However,
the immunosuppressive activity of MSCs from various sources, and especially from
bone marrow, on the T cells of both animals and humans, natural killer (NK) cells
(Guo et al. 2006; Spaggiari et al. 2008), and B cells (Comoli et al. 2008) has been
demonstrated.

In studies aiming to explain the mechanisms of immunosuppressive activity of
the MSCs, it has been declared that when the MSCs are co-cultured with T cells,
dendritic cells (DCs), effector T cells, or NK cells, they change the cytokine secre-
tion profiles of the related cells to encourage an antiinflammatory effect or a tolerant
phenotype (Chang et al. 2006). It was noted that the MSCs were activated by inter-
feron-y (IFNy) secreted by some cells (e.g., T cells, NK cells) and by interleukin-1
(IL-1)-like cytokines from monocytes. Whereas MSCs had an inhibitory effect on
immune cell activities by releasing cytokines such as IL-10 (Krampera et al. 2003)
and IL-6 (Noel et al. 2007) and soluble factors including the transforming growth
factor B (TGFp) (Di Nicola et al. 2002; Aggarwal and Pittenger 2005), hepatocyte
growth factor B (HGFp) (Rasmusson 2006), indoleamine-2,3-deoxygenase (IDO)
(Meisel et al. 2004), prostaglandin E, (PGE,) (Noel et al. 2007), human leukocyte
antigen-G (HLA-G), and nitric oxide (NO) (Nasef et al. 2007).

Recently, it has been determined that the immunosuppressive effect of human
MSCs observed when they were indirectly co-cultured with lymphocytes (with
paracrine mechanisms-soluble factors) and with cell-to-cell contact in the case of
rodent MSCs (Di Nicola et al. 2002; Krampera et al. 2003). Suva et al. (2008) dem-
onstrated withy time-lapse imaging that active T lymphocytes were tightly attached
to allogeneic MSCs in vitro; they migrated underneath them within 4 h (transmigra-
tion) and remained there for 60 h. This transmigration demonstrated that MSC-T
lymphocyte contact is necessary for the efficiency of the inhibitor or stimulator
signal molecules. Synthesis of some adhesion molecules by MSCs—e.g., intracel-
lular adhesion molecule-2 (ICAM-2: CD102), lymphocyte function antigen-3
(LFA-3), vascular cell adhesion molecule-1 (VCAM-1: CD106)—which provide
the T-lymphocyte interactions, explained how the MSC-T lymphocyte contact is
established (Majumdar et al. 1998; Conget and Minguell 1999).

In vivo immunosuppressive effects of MSCs were first observed in monkeys, in
whom rejection of tissue-inharmonious skin grafts was delayed by infusion of
donor-derived MSCs (Bartholomew et al. 2002). Guo et al. reported suppression of
lymphocyte proliferation by mouse MSCs that was induced by allogeneic spleno-
cytes and prolonged the skin grafts’ life span with in vivo immunosuppressive
effects (Guo et al. 2006). Observations have indicated a decrease in acute and
chronic graft-versus-host disease (GVHD) when the MSCs are transported
together with HLA-identical hematopoietic stem cells (HSCs) (Tyndall et al. 2007).
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Fig. 10.5 Expression of cytokines—interleukin-4 (IL-4), interleukin-6 (IL-6), transforming
growth factor B (TGFf)—by rPI-SC

In the report by Lee et al. (2002), rapid engraftment was accomplished in an acute
leukemia patient who was given MSCs and peripheral blood stem cells by his father
who was HLA-haplo-identical. With standard immunosuppressive treatment, the
patient survived without acute or chronic GVHD until 31 months after the trans-
plantation. Ultimately, in two other reports, it was declared that the MSCs have
considerably optimistic results in treating and/or preventing GVHD (Ball et al.
2007; Fang et al. 2007). In the study by Fang et al., severe acute GVHD developed
after a blood transfusion to 15- and 12-year-old children who suffered from acute
myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL), respectively,
and in whom conventional pharmaceutical therapies had failed (Fang et al. 2007).
The researchers implemented MSCs obtained from subcutaneous abdominal adi-
pose tissue by means of plastic surgery, to the children as a second treatment and
attained a successful result in that both had revived within 15 days. Ball et al. per-
formed donor-derived MSC infusions in 14 children simultaneously with HLA-
inharmonious peripheral blood HSC transplantation. Graft failure was not
experienced in this group, although such failure was previously observed in 15% of
47 transplantations for which MSC infusion was not employed (Ball et al. 2007).

With respect to all these data, it is critical to know whether these known func-
tions of the MSCs can be fulfilled by pancreatic islet-like MSCs. In studies per-
formed by our group, rat bone marrow and islet-derived MSCs showed substantially
similar phenotypical, structural, and molecular characteristics (Karaoz et al. 2010a)
(Fig. 10.5, Table 10.2). In general, this similarity led us to suggest that the known
immunosuppressive effects of bone marrow MSCs (BM-MSCs) are likely to be
shown by the islet-like MSCs.
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10.4 Presence of Transcripts Coding for Antigen-Presenting
Surface Proteins in Addition to the Genes with Known
Antiapoptotic Functions in PI-SCs

It was reported that MSCs were able to have regulating effects on the immune
responses by multiple mechanisms through their suppressive effects on the func-
tions and proliferation of both CD34 +—derived and monocyte-derived DCs (Jiang
et al. 2005; Beyth et al. 2005; Nauta et al. 2006; Djouad et al. 2007). Furthermore,
the studies demonstrated a bidirectional effect; that is, MSCs might be suppressive
and/or activating according to the type of stimulation. Studies by at least three inde-
pendent groups have shown that IFNy-stimulated MSCs could act as antigen-pre-
senting cells (APCs) and that this derivation would have the activating effects of
MSCs on the immune responses (Stagg et al. 2006; Chan et al. 2006; Morandi et al.
2008). These experimental results were in good agreement with the idea that the
presence of APCs in islets are considered to be responsible for the development of
type 1 diabetes by presenting beta cell-derived peptides to immune cells (Lacy et al.
1979; Nauta et al. 2006). The significant question is whether the MSCs isolated
from the pancreatic islets behaved like APCs.

We determined that rPI-SCs expressed CD80 and CD40 without any stimulation
(Karaoz et al. 2010c) (Fig. 10.2, Table 10.2). This finding was verified by the results
of Klein et al. (2005), who used total RNA isolated from human and nonhuman pri-
mate islets to show the expression of CD40 (Klein et al. 2005). Our study however,
took this a step further and determined that the source of CD40 mRNA was pancre-
atic islet stem cells. We failed to demonstrate the presence of the CD86 transcript
although the CD8O0 transcript was clearly present. Lei et al. (2005) observed a simi-
lar case, in which murine-derived keratinocyte stem cells (KSCs) expressed CD80
but not CD86, indicating that KSCs could act as APCs (Lei et al. 2005). The absence
of major histocompatibility complex (MHC) class II expression in rPI-SCs, whose
constitutive expression was observed only in professional APCs of the immune
system (Karaoz et al. 2010c), supports that these cells are nonprofessional APCs.

CX3CRI, identified as the human receptor for fractalkine (Imai et al. 1997), was
found to be expressed in monocytes, subsets of NK cells, DCs, and brain microglial
cells in a knockout mouse via replacement of the CX3CRI1 gene with green fluores-
cent protein gene (Jung et al. 2000). More interestingly, the expression of CX3CR1
was observed in PI-SCs, which might be previously defined as DCs of pancreatic islets
also expressing CX3CRI1 (Lacy et al. 1979; Adorini 2001; Calderon et al. 2008).

Genes having known antiapoptotic functions that are expressed under stress,
including MAPKAP2, TNIP1, and BCL3, were studied in PI-SCs. MAPKAPK?2 is a
direct substrate of p38 MAP kinase in response to cellular stress, such as mechani-
cal stress, heat shock, osmotic stress, ultraviolet (UV) irradiation, bacterial lipopoly-
saccharide (LPS), several inflammatory cytokines, and growth factors (Ono and
Han 2000). TNIP1 was originally described as an anti-apoptotic tumor necrosis fac-
tor oo (TNFa)-induced gene in endothelial cells (Opipari et al. 1990). BCL3, in com-
plex with p52, can promote transcription of the genes encoding the cell cycle
regulator cyclin D1 and the antiapoptotic BCL2 protein (Kashatus et al. 2006).
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We showed the expression of all three genes in rPI-SCs (Karaoz et al. 2010c)
(Table 10.2), implying a role played by rPI-SCs in the regulation of immunity and
tissue homeostasis in islets and highlighting the antiapoptotic influence mechanisms
that might have a protective role on pancreatic islet cells.

Only some types of cell, mainly hepatocytes and several leukocytes, express the
IL-6 receptor (IL-6R). Surprisingly, we determined in PI-SCs that IL-6R interacts
with IL-6, an inflammatory cytokine with a well-documented role in inflammation
and cancer (unpublished data). In addition, high levels of IL-6 and IL-6R have been
reported in patients with several chronic inflammatory and autoimmune diseases
(Rose-John et al. 2007). Because type 1 diabetes is an autoimmune disease, IL-6R-
positive rPI-SCs might have a pivotal role in its pathogenesis.

It has been reported that cultured MSCs spontaneously secrete TGFB1 and IL-6,
but not IFNy, IL-5, or IL-10 (Boumaza et al. 2009; Karaoz et al. 2010b). By direct
inhibition of lymphocyte apoptosis, IL-6 secretion might play a major role in the
antiapoptotic function of MSCs (Xu et al. 2007) The suppression of various immune
functions through the release of immunosuppressive factors (e.g., TGFB1) by MSCs
demonstrated their antiapoptotic effects (Puissant et al. 2005) In our experimental
studies (unpublished data), not only IL-6, but also the proinflammatory cytokine
TGFp1 secretion was observed in the culture medium of rPI-SCs (Fig. 10.5). TGF1
is believed to be the inducer of the regulatory T cells or CD8+ T cells, which inac-
tivate T cells to an anergic state and prevent autoimmune diseases such as diabetes
type 1 (Bettini and Vignali 2009; Kishi et al. 2010). Kishi et al. showed that TGFB1
induces CD8+Foxp3+ T cells ex vivo, which suppresses diabetogenic T cells
in vitro and in vivo.

10.5 Do Pancreatic Islet-Derived Stem Cells Have a Key Role
in Type 1 Diabetes Pathogenesis?

In view of all these data, it is important to know to what degree the known charac-
teristics of the MSCs are also found in pancreatic islet-derived MSCs. It was deter-
mined previously that rat bone marrow and islet-derived MSCs substantially had
phenotypical, structural, and molecular characteristics in common (Karaoz et al.
2010a). Generally, such evidence has led us to consider that known immunosup-
pressive effects of BM-MSCs are likely to be displayed also by islet-like MSCs. As
a result, the evidence that has been demonstrated with regard to immunological
interactions may indicate that the beta cells and MSCs may play a role in the devel-
opment of type 1 diabetes.

The APCs, which have an important role in the pathogenesis of type 1 diabetes
and are responsible for presenting beta cell-derived peptides to immune-responsible
cells, have been known to be present in islets of Langerhans since the 1970s
(Calderon et al. 2008). It is crucial to know whether the MSCs that we and other
researchers have isolated from the pancreatic islets, and which resemble BM-MSCs,
are able to respond like the APCs.
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Although expressing MHC class I antigens and the ability to function as APCs,
as already mentioned, it is thought that these cells have an effect in the pathogenesis
of autoimmune type 1 diabetes. It has been suggested that these cells could have the
potential for treating autoimmune diseases. It was especially noted that MSCs could
be useful in treating autoimmune diseases by increasing the production of T cells
(Jones and McTaggart 2008; Di Ianni et al. 2008). Chang et al. (2006) declared that
the suppression of stimulated lymphocyte reactivation by placenta-derived MSCs
was due to decreased cell proliferation and increased numbers of regulatory T cells
but not by cell death. Finally, it has been indicated that the BM-MSCs, obtained
from both healthy and autoimmune-disease persons, suppressed proliferation of the
stimulated autologous and allogeneic peripheral blood mononuclear cells as much
as 90% (Bocelli-Tyndall et al. 2007).

Apart from the knowledge related to the pathogenesis of type 1 diabetes, the role
of MSCs in the islets and their regeneration and immunosuppressive characteristics
should be investigated. We need to investigate the connection of malfunctioning
MSCs in the islets and immune issues. Also the ability to produce endocrine cells,
including beta cells, remain to be investigated. In a recent report it was argued that
autoreactive (self-reactive) immune cells comprise 2.5% of the cell population of
the circulating blood in healthy living individuals. The question remains why these
cells do not become involved in addressing autoimmune diseases (Duty et al. 2009).
Considering this information, the question of whether the self-reactive cells easily
destroy the beta cells because of the incapability of MSCs in the islets comes to
mind. We wonder if transduced cells in a viral infection, which have been frequently
cited for being responsible for the occurrence of type 1 diabetes, are not MSCs,
rather than beta cells. These cells naturally possess MHC class 1 receptors, which
play a role in presenting the viral peptide parts to the cell surface. Answers to these
questions could define the new role or roles of the pancreas (islets) in the radical
treatment for the type 1 diabetes. In our opinion, even if we produce beta cells or
islets using exogenous stem cells, we cannot be successful with such replacement
treatment so long as the autoimmune attacks continue. To develop strategies for
preventing the autoimmune attacks, we must completely and clearly determine the
causal mechanisms.
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Chapter 11

Successful Scale-Up and Quality Assessments
of Human Embryonic Stem Cells for Cell
Therapy: Challenges and Overview

Mohan C. Vemuri, Geetha M. Swamilingiah, Shruthi Pal, Jasmeet Kaur,
and Udaykumar Kolkundkar

Abstract Large-scale production of human embryonic stem cells (hESCs) is the
most inevitable choice to fulfill biomedical research needs to produce mature,
functional, and pure derivatives of cell types that can be utilized for transplantation
purposes or in drug discovery. Currently, the status of technology suggests that
large-scale culturing of hESCs is complex, and several challenges must be addressed.
There is a great need for convenient, inexpensive culture systems that can facilitate
the propagation of hESCs in serum-free and feeder-free culture conditions, so the
cells produced in large scale can meet the demands of cell therapy applications and
in screening purposes for toxicology, pharmacology, and drug discovery. As a paral-
lel effort it is equally important to assess the quality of hESCs obtained in this
scaled-up procedure and develop a reliable cost-effective method to qualify the cells
that can be used for various downstream purposes. In this chapter, we describe vari-
ous methods used to culture hESCs in large scale and other advances in eliminating
xenogenic components from the culture systems.

11.1 Introduction

The current model for therapy using embryonic stem cells or other embryonic stem
cell (ESC)-like cells is based on the premise that large numbers of “normal” cells
are available and that these cells migrate, integrate, and survive for a sufficient
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length of time to be clinically useful. Alternatively, cells are used in vitro to gener-
ate artificial organs or engineered in some fashion to either rescue a genetic defect
or deliver a therapeutic protein or growth factor. It has become clear that ESCs can-
not be used directly for cell therapy because signals to direct their differentiation
invariably do not exist. Furthermore, in many cases similar signals are used to direct
differentiation into multiple phenotypes and, as such, at least limited propagation in
culture and directed differentiation in vitro is required. Thus, an important issue
facing investigators is growing cells in sufficient numbers for treating patients in an
aseptic environment with adequate safeguards, sterility, and traceability. Guidelines
for the manufacture of biologicals have been developed and modified under
Chemistry and Manufacturing Controls (CMC) and Good Manufacturing Practices
(GMP) guidelines. This expertise on CMC and GMP practices and associated regu-
lations is widespread given the use of antibodies, viral gene delivery, and peptide
and growth factor treatments. There are nevertheless several additional issues
with the use of cells in general and stem cells in particular (Terstegge et al. 2007,
Zeng and Rao 2000).

The current gold standard for growing ESCs is using mouse feeders or, alter-
natively, in feeder-free conditions but using a substrate such as Matrigel or
Geltrex in human ESC (hESC) culture medium. The current status of various
substrates and serum-free media together with select growth factors used by
researchers are summarized in Table 11.1. Translating this to a scalable process
and toward GMP requires several changes (Fig. 11.1, Table 11.2). We review
the advances made in each of these areas and end by describing a possible pro-
cess for scalable culture, quality assessment, and the limitations of current state
of the art projects.

11.2 Would Good Manufacturing Practice Aid in Cell
Therapy?

Good manufacturing practice (GMP) is a quality assurance system in the pharmaceu-
tical industry that follows regulatory guidelines issued by the Food and Drug
Administration (FDA) in the United States or the European Medical Agency (EMA)
in Europe to ensure that the end-product meets the preset specifications throughout
the process of manufacturing and testing the final product. It requires traceability of
raw materials and that production follows validated standard operating procedures
(SOPs). If hESCs have to be produced in large scale for cell therapy purposes, the
defined quality characteristics of hESCs must be met to ensure safety for the
patient. These cells are better suited if they are manufactured in GMP settings and are
cultured in cell culture media and matrices that are produced under GMP conditions.
The GMP process ensures the history and traceability of each ESC line, requiring
precise growth and storage conditions, isolation and differentiation protocols,
detailed records of the product’s life cycle for cells and media with foolproof
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Current Procedure Future steps
Derivation expansion freezing GMP grade hESC
Standard: GMP validated materials and SOPs
Xenogenic feeders

components Derivation, culture and storage
process in GMP facility

Y

Set of quality control according to FDA guidelines

Xenofree Feeder
= "

Optimized and standardized hESC
protocols towards clinical use

GMP grade hESC-derived cell line
Defined
xenofree
conditions ¢

Clinical trial

Fig. 11.1 Overview of current human embryonic stem cell (hESC) status with optimization
possibilities and future requirement to enter clinical trials

Table 11.2 Good manufacturing practice (GMP) requirements for scalable clinical-grade cells

Need Comment

Feeder-free derivation Immunosurgery involves animal-derived substances—mouse
antibodies and guinea pig complement—that are not
desirable when considering xeno-free culture and cell
transplantation

Different media such as KOSR, xenofree media, GFs
Culture media Need GMP formulations of AOF conditions

Need clinical grade, transplant-ready cells in GMP conditions

Substrate Most current culture conditions use a substrate (Matrigel,
Geltrex, CellStart) and this will be a hassle for large-scale
cultures

Large-scale expansion Bioreactor-based expansion in GMP conditions currently
suboptimal; process in evaluation

Passaging Mechanical, enzymatic, AOF-dissociating enzymes have
limitations

Freezing and shipping cells GMP-compatible freezing, shipping, and thawing systems for
clinical-grade cells

Culture quality Cells expanded for clinical use need to be qualified for safety
and stability in GMP following FDA guidelines
Transplant-ready, Optimally, a chemically defined GMP-quality culture medium
clinical-grade cells containing only human substances should be used to enable

clinical transition of hESCs into regenerative therapies

regulatory compliance. The rigorous implementation of quality control steps for
use of stem cells in clinical cell therapy or in nonclinical applications will pave
the way for the generation of transplant-ready stem cells cultured under regula-
tory compliant culture conditions.
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The safest option for obtaining clinical-grade cells would be to derive the lines
from the very beginning in GMP-compatible conditions. This would require the
embryos to have been produced and cultured under such conditions. As an alterna-
tive, culture of existing lines in laboratories and culture systems meeting GMP
requirements has been presented. It would require up to 10 passages under such
conditions and after that extensive testing to show that the cells do not contain
known pathogens and that they are chromosomally normal. To establish clinical-
grade hESC lines, the industry has devised extensive standard operational proce-
dures, validated protocols (Fig. 11.1) for ethics approval and consent, a validated
good tissue culture practice system for embryo cultures, a method for isolating the
inner cell mass (ICM) mechanically, and a way to plate whole blastocysts. Optimally,
a chemically defined GMP-quality culture medium containing only human sub-
stances should be used. The feeders would have been cultured under similar condi-
tions. Mechanical isolation of the ICM, and mechanical passaging would be optimal.
If enzymes are used, they should be only GMP-quality human proteins. Feeder-free
derivation and culture on a GMP-quality human extracellular matrix would be per-
fect, but such a system does not yet exist.

Generation of clinical-grade hESCs is an important first step toward a wide range
of possible future treatments. However, clinical-grade cell lines are not the final
product. From a regulatory point of view, at present it is not even clear whether
hESC cells should be considered as active pharmaceutical ingredients, raw material,
or intermediate products. Once the cell lines have been established, the next phase
will be setting up procedures for scale-up and expansion of the cells into a product
that may be given to large patient groups. To realize this, GMP adaptation of the
subsequent steps, which involves induced differentiation toward other cell types
(Fig. 11.2), might be an even greater challenge. So far, possible protocols for hRESC
culture (Li et al. 2005) and differentiation (Okamura et al. 2007) have been pub-
lished, but complete FDA approval for a clinical trial is awaited.

11.3 Current hESC Culture Conditions Using Serum-Free,
Xeno-Free, Animal Origin-Free, and Chemically Defined
Media

Large numbers of hESCs are required as a startup material to produce differentiated
cell types with adequate bioprocess control, including safety, sterility, and trace-
ability. Culturing cells in sufficient numbers required by industry or clinicians is not
easy. hESCs are sensitive to culture conditions, and maintaining them in an undif-
ferentiated state is labor-intensive, as the maintenance of optimal culture conditions
require manual inputs on a daily basis such as multiple media feeding schedules,
weaning out differentiated colonies, and manual subpassaging. In addition, options
to use different substrates, culture media, use of dissociating enzymes during sub-
passaging have to be carefully chosen to maintain the reproducibility, quality control,
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Fig. 11.2 Potential of hESCs for cell therapy

and scalability of the culture propagation process and to keep the cost of large-scale
production of hESCs low to keep clinical cell therapy as a viable alternative.

The first medium used in hESC (Thomson et al. 1998) cultures contained fetal
bovine serum (FBS). FBS is a complex mixture, undefined, and xenoxenic in nature;
and the serum batches vary. As aresult, FBS or FBS-containing medium is less than
optimal for the production of clinically useful stem cell banks. To overcome serum-
related issues, a serum replacement termed KnockOut serum replacement (KSR)
was developed. It allows expansion of hESCs when used with basic fibroblast
growth factor (bFGF). KSR is widely used in conventional cultures as it provides
better defined culture conditions. However, the presence of AIbuMAX, a lipid-rich
albumin fraction of bovine serum, an ingredient in KSR, makes it really not free
of animal origin components (Garcia-Gonzalo and Izpisua Belmonte 2008). Over
the past decade, various culture media have been developed by researchers to
meet the needs of a defined hESC culture medium (Table 11.1) involving either
replacement of the xeno components in the medium or providing better defined
media with supplements. Notable among them are X-VIVO 10 with bFGF (Li et al.
2005); mTeSR1 with bFGF, LiCl, y-aminobutyric acid (GABA), transforming
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growth factor B (TGFp), and pipeolic acid (Ludwig et al. 2006); StemPro hESC
SFM with an insulin-like growth factor 1 (IGF1) analog, heregulin-1 (a ligand for
ERBB2/ERBB3), FGF2, and activin A that supported long-term growth of hESC
lines (Wang et al. 2007); and KSR Xenofree with a growth factor cocktail. These
media have been repeatedly evaluated by researchers over multiple hESC lines.
Recent advances made toward developing xeno-free media that sustain long-term
growth of hESCs with karyotypic stability and the ability to differentiate into
multiple lineages should not only facilitate expansion and production of stem cell
banks for therapy but should enable derivation of the next generation of clinical-
grade hESC lines under GMP conditions.

11.4 Substrate Selection

In a serum-free and feeder cell-free medium formulation, use of a substrate is criti-
cal to facilitate cell attachment that supports continued growth of cells in a pluripo-
tent state. In most studies, Matrigel or Geltrex has been the preferred choice for
investigators as a substrate for cell attachment. Matrigel is an extracellular matrix
extracted from Engelbreth-Holm-Swarm tumor (Kleinman et al. 1982) that contains
laminin and collagen and several uncharacterized components; it includes variable
amounts of growth factors that bind to the substrate and cannot be purified away
from the matrix. Although the use of mouse embryonic fibroblast feeder condi-
tioned medium (MEF) together with Matrigel as substrate resulted in successful
propagation of feeder-free hESC cultures. Such cells grown in MEF conditioned
media are not compatible for cell therapy applications due to the xenoxenic nature,
and it is not easy to make them for large-scale production in bioreactors. Studies
carried out using laminin (Beattie et al. 2005) fibronectin (Amit et al. 2004), human
serum (Stojkovic et al. 2005), 3D substrates such as alginate matrix (Gerecht-Nir
et al. 2004) and a synthetic polyamide matrix (Nur et al. 2006) GelTrex (Kate et al.
2008) suggest that each can support pluripotent growth of hESCs to a differing
extent in xeno-free cultures with some advantages and limitations. In contrast, a
humanized and xeno-free substrate, CELLstart, has been shown to support the
growth in limited large-scale cultures of hRESCs when used with defined, as well as
standard, media. Cultures grown on CELLstart replicated in a manner similar to that
of cultures expanded on Matrigel. Such culture systems that promote large-
scale expansion of hESCs retaining their stem cell phenotype are critical for drug
discovery and therapeutic applications.

11.5 Potentially Scalable Process

There are several aspects to developing a commercially viable process for making
GMP-compatible clinical-grade products. The most critical requirement is develop-
ing a process that is compliant with regulations and provides the kind of cells that
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Fig. 11.3 Strategies for differentiation of hESCs into cardiac and pancreatic islet cells

are needed. Less important but nevertheless significant aspects of developing such
processes entail determining if they are scalable in a standard manufacturing pro-
cess, if any aspect of the process can be automated, and if the cost can be reduced to
make it commercially viable. It is important to examine a potentially compliant
process to determine if there are any unexpected issues in scaling up a product. Such
issues include the time of processing, limited automation, number of steps,
adherent-culture issues, selection issues, shipping and storage issues. Some of the
more critical ones are discussed in detail below.

Perhaps the most critical issue facing large-scale manufacture of cells is growth
in adherent culture. A second major roadblock when scaling up ESC cultures has
been the realization that most differentiation protocols (Fig. 11.3) do not result in a
pure population of cells; therefore, some selection process is required that is robust
and can deliver consistently reliable purity without damaging the cells. A third
major issue in developing a scalable process is determining long-term storage via-
bility of the product and issues with shipping. These are well-established require-
ments for cell manufacture. However, the ESC field is relatively young and not
enough data have been generated by companies or research groups regarding how
long a particular cell type can be stored, its viability, and how well it survives ship-
ment. Automating the transfer process from a holding storage facility to the dry
shipper also needs to be developed for ESC-derived products.
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11.6 Bioreactor Technology

Bioreactors allow the growth of cells at much higher density than is possible in
static cultures and allow in-line monitoring of metabolic processes in a closed sys-
tem. They thus provide maintenance of sterility and uniformity of the cultures.
There are several types of bioreactor, including stirred-tank, airlift, hollow-fiber,
and Rotary Cell Culture System (RCCS) designs. The stirred-tank bioreactor is per-
haps one of the most commonly used types for industrial applications and labora-
tory research. Stirred-suspension bioreactors are appealing mainly because of their
simple design, scalable configuration, ease of continuous monitoring, and regulat-
ing the culture environment. Such bioreactors have been used for the propagation
of stem/progenitor cells. The RCCS, invented by the National Aeronautics and
Space Administration (NASA), is increasingly used in the area of tissue engineering
for medical purposes. Important improvements have been made in the design of
traditional bioreactors, and new types of bioreactor are also being developed such as
the Couette-Taylor bioreactor, multifunctional-membrane bioreactors, and shaking
bioreactors (Wang et al. 2005). By far the most important factor is the ability to use
standard technology and the associated reduction of risk. Cost-efficiency is a sig-
nificant factor as well. Although we believe that a commercially viable scalable
process that is clinically compliant is achievable without resorting to suspension
culture, there are certainly several advantages to adapting cells to suspension
culture. More specialized bioreactors have been developed for specific cell types
that incorporate directions strain, provide specialized surface chemistry, or permit
multitissue aggregation. We focus on results with the types of suspension tech-
nology that can possibly be applied to hESC cultures.

11.6.1 Microcarrier Bead-Based Stirred Suspension Bioreactors

Microcarriers are spherical particles composed of various materials including cel-
lulose, glass, plastic, and polyester, with a typical diameter of 100-250 um. Because
of their high surface area/volume ratio, microcarriers are commonly used to scale
culture of anchorage-dependent cells, including human hepatocytes, human retinal
pigment epithelial cells, and co-cultures of neurons and astrocytes (Nie et al. 2009).
A summary of 12 commercially available microcarrier beads that are likely suitable
for large-scale microcarrier-based hESC cultures have been described (Table 11.3).
In recent years several investigators have evaluated the use of various types of bio-
reactors for cultivation of undifferentiated ESCs and proceed toward differentiation
with the creation of uniform embryoid bodies as these are critical to the generation
of any differentiated phenotype. Some studies also showed that hESCs can be cul-
tured on microbeads under suitable culture conditions that regulate mainly the stir-
ring speed and seeding cell concentration, while the cells retained the ability of stem
cell phenotype, and pluripotency (Lock and Tzanakakis 2009). Human ESCs
expanded on such microbeads were incubated in media known to induce endo-
derm differentiation in hESC monolayers. Although it is still a proof of concept,
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Table 11.3 Microcarrier material used in large-scale cultures (Adopted from Biotechnol Prog
(2009)25: 1,23)

Visual assessment

Name Manufacturer ~ Material Attachment Viability

Cytodex® 1 GE Healthcare Cross-linked dextran with N, Fair Poor
N-diethylamineoethyl groups

Cytodex® 3 GE Healthcare Cross-linked dextran, denatured Fair Fair

collagen on surface

Cytopore® 1  GE Healthcare Macroporous cross-linked dextran with Poor® Poor
N, N-diethylaminoethyl groups,
charge density of 1.1 meq/g

Cytopore® 2 GE Healthcare Macroporous cross-linked dextran with Poor® Poor
N, N-diethylaminoethyl groups,
charge density of 1.8 meq/g

CultiSphere-S  PerCell Cross-linked pharmaceutical grade Fair Poor
porcine gelatin

HI11-921 Solo Hill Cross-linked polystyrene, modified Poor None
with cationic trimethyl-ammonium

F102 Solo Hill Cross-linked polystyrene, modified Poor None
with cationic gelatin

C102 Solo Hill Cross-linked polystyrene, modified Poor None
with gelatin

G102 Solo Hill Cross-linked polystyrene, modified Poor None
with high silica glass

P102 Solo Hill Cross-linked polystyrene Poor None

PP102 Solo Hill Cross-linked polystyrene, cationic Poor None

PF102 Solo Hill Cross-linked polystyrene, modified Poor None

with recombinant fibronectin

these studies support the use of scalable microcarrier suspension cultures for the
culture and directed differentiation of hESCs without the intermediary stage of
embryoid body (EB) formation.

In a slightly different way, the Itskovitz-Eldor group from Israel developed rotat-
ing bioreactors to control the agglomeration of EBs (Gerecht-Nir et al. 2004). The
type of rotating vessel had an impact on the process of EB formation and agglom-
eration. In the slow-turning lateral vessel (STLV), EBs were smaller in size and no
large necrotic centers were seen, even after 1 month of cultivation. In the high aspect
rotating vessel (HARV), EB agglomeration was massive. These studies served as
proof of principle for scalable cell production for clinical and industrial applications
but still require commercial adoption and utilization in scale to get the benefit.

11.6.2 Rotary Cell Culture System and Zero Gravity Cultures

Dynamic culture systems such as spinner flasks or, on a larger scale, stirred tanks
provide good mass transfer, but these systems use mechanical force which would
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not only damage the cells but also prevent their aggregation. The RCCS is a new
technology for growing anchorage-dependent or suspension cells in scale-up cul-
tures. The RCCS is a horizontally rotated, bubble-free disposable culture vessel
with diffusion gas exchange. The system provides a reproducible, complex three-
dimensional (3D) in vitro culture system with large cell masses. During cell culture,
the rotation speed can be adjusted to compensate for increased sedimentation rates.
The unique environment of low shear forces, high mass transfer, and microgravity
provide good culture conditions for many cell types, cell aggregates, or tissue par-
ticles in a standard tissue culture laboratory. The original purpose of the RCCS
bioreactor was to simulate microgravity or zero gravity. During ground experiments
using this reactor, it was noted that cells suspended in these reactors tended to form
3D aggregates. Since then, these RCCS bioreactors have been used in several fields
of cell and tissue culture. Applications of the RCCS bioreactor range from basic cell
biology to space biology, culturing stem cells for regenerative, drug development,
and possibly in the future the development of for disease and injury.

11.6.3 Encapsulation Cultures

Controllable, scalable ESC differentiation culture methods have been described
(Dang et al. 2004). At present, methods for the differentiation of pluripotent cells
such as hESC rely on the generation of EBs in small-scale static culture. These
protocols are typically suboptimal owing to issues of scalability, a wide range of EB
sizes, and exposing cells in culture to fluctuations in physicochemical parameters.
Zandstra group screened various scalable suspension systems for their ability to
support the growth and differentiation of hESCs. Homogeneity of initial cell aggre-
gates was improved in two ways: They used the encapsulation method, and employed
a micro-printing strategy to generate large numbers of size-specified hESC aggre-
gates. These technologies were integrated into a fully controlled bioreactor system.
The utility of such a reactor system in large-scale culture of stem cells in GMP set-
tings and the cost impact of the culture system remains to be evaluated (Niebruegge
et al. 2009). Nevertheless, these studies point toward the robust generation of
clinically relevant stem cells for therapy.

11.7 Passaging Techniques and Enzymes

Passaging cells is critical for cell expansion in numbers and to allow optimal prolif-
eration to create enough cell doses/banks for therapy. Mechanical passaging has
been a preferred choice for most researchers. It is manual and easy to transfer the
protocols under GMP settings. Select researchers believe that mechanical passaging
allows better karyotype stability, but it is labor-intensive, time-consuming, subject



11 Successfully Scale-Up hESC — Challenges and Overview 151

to relativity, and the potential for contamination is particularly high when a large
number of banks have to be created. To reduce the labor intensity, automated
mechanical passaging (Alexis et al. 2006) was developed, but its efficiency is
restricted to small-scale cultures. In contrast, enzymatic passaging by collagenase,
dispase, accutase, trypsin, or animal origin-free TrypLE Select is needed in many
situations, and it is relatively simple to apply it in large-scale settings such as biore-
actor technology under GMP conditions. Each of the dissociating enzymes has dis-
tinct advantages for a preferred phenotype of the hESC colony. Use of collagenase
or dispase results in gentle dissociation of hESC colony clumps, whereas use of
trypsin or AOF TrypLE Select, results in nearly single-cell populations that facili-
tate increased plating efficiency for single-cell clonality in drug screening and dis-
covery applications. In contrast, accutase dissociation of cells allows growth of
hESCs nearly as a monolayer, rather than cell clumps, making cell counting and
banking logistics more precise. There are choices with GMP-quality enzymes such
as human collagenase or the AOF version of TrypLE Select versus non-GMP-qual-
ity trypsin or recombinant trypsin, which have to be carefully scoped and applied in
large-scale manufacturing settings.

11.8 Freezing and Shipping

Freezing, cryostorage, and thawing processes should be GMP-complaint, including
the quality of the liquid nitrogen in dry shippers used for shipping cells, from the
site of manufacture to the site of use. Current cryopreservation protocols for stem
cells suspend hESC colonies in a growth medium containing fetal bovine serum
(FBS) and dimethylsulfoxide (DMSO), followed by an automated or semiauto-
mated slow freezing protocol overnight with subsequent transfer and storage in
liquid nitrogen. Direct contact of frozen stem cell vials with liquid nitrogen should
be avoided. Thawing is rapid. This protocol is effective for the preservation of
human, murine, and porcine embryonic stem cells. Although this procedure works
with all cells, hESCs frozen using this method suffer from low viability, and many
cells fail to survive and differentiate upon thawing and expansion. Vitrification and
conventional slow cooling have been used to cryostore hESCs, but these protocols
need adoption for large-scale cultures in GMP settings, as reviewed in detail by
Hunt and Timmons (2007). The zeno-free cryopreservation (Richards et al. 2004)
protocol involves vitrification in closed-and-sealed straws using human serum
albumin. This protocol is advantageous for small-scale cultures but needs adoption
in large-scale settings. Synthe-a-freeze is an animal origin-free freezing medium, a
GMP-quality reagent that supports efficient cryopreservation, good revival, and
viability of hESCs following cryopreservation. Although few options are available
for cryopreservation—use of a combination of conventional cooling protocols
(Heng et al. 2005) and vitrification protocols with different freezing media compo-
nents (Reubinoff et al. 2001; Heng et al. 2005)—most of the protocols and reagents
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are suboptimal. There is a strong need for GMP-quality freezing reagents and
protocols for cryopreserved hESCs for banking, considering the potential of trans-
plant and cell therapy applications of hESCs.

11.9 Develop a Process and Quality Control Procedures

It has been a known fact that hESCs are difficult to cultivate, as they tend to undergo
spontaneous differentiation. For large-scale manufacture it is important to have
hESCs that are genetically stable; and high-quality input material is a prerequisite.
It is therefore important when setting standards to assess the expression of multiple
markers (Table 11.4) of the undifferentiated ESC state (Sato et al. 2004) as well as
the presence or absence of markers of differentiation. In the interest of public
safety, the FDA has published rules and regulations in a detailed form regarding
the sources, types, culture procedures, and quality of cells, including developing
measures of cell identity and heterogeneity (Dina et al. 2006).

Our rationale for their selection was based on the assumption that cells main-
tained in culture are under constant selection pressure to divide and self-renew and
that changes can occur in a stochastic manner under all culture conditions (Amit
et al. 2004). Severely detrimental mutations that do not confer a growth advantage
will be lost, whereas those that inhibit death, accelerate growth, or alter differentia-
tion will be selected. In addition, if a cell undergoes sufficient passages, these
changes will become fixed in the genome or epigenome, and the cells will be irre-
trievably changed over time. Measuring the functional ability of cells (Table 11.4),
the expression profiles of key genes (e.g., telomerase, cell cycle, key markers of the
ESC state), genomic stability, and epigenome (methylation, miRNA, histone acety-
lation, X chromosome inactivation) (Spivakov and Fisher 2007; Allegrucci et al.
2007) would be a reasonable set of tests to be performed. The manufacturing proto-
col consists of a master bank of undifferentiated cells that have been carefully tested
to ensure their quality from which working lots of cells are withdrawn, amplified to
obtain sufficient numbers of cells, differentiated, and an appropriate phenotype
selected based on established criteria.

Table 11.4 Measure of stability

Parameter Marker/assay

Self-renewal markers Oct 4, Sox2, Nanog

Mitochondrial stability Mitochondrial activity

Genomic stability Standard sequencing, microarray, karyotyping,
FISH, SNP, SKY, CGH

Epigenetic stability Methylation changes, histone modifications,

X chromosome inactivation
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11.10 Tests to Assess Self-renewal Potential

A number of cell surface markers (e.g., SSEA-3, SSEA-4, TRA-1-60, TRA-1-81)
are recommended to characterize hESCs. In addition, hESCs also express surface
antigens initially described in other stem cell populations, such as AC133, c-kit
(CD117), fit3 (CD135), and CD9 (Hoffman and Carpenter 2005). A number of
transcription factors play a critical role in maintaining stem cell self-renewal, includ-
ing OCT4, SOX2, and NANOG (Draper et al. 2004). These three transcription fac-
tors share a substantial fraction of their target genes, demonstrate autologus
feedback, and control one another’s transcription in a large regulatory circuit. Many
targets of OCT4, SOX2, and NANOG encode key transcription factors for differen-
tiation and development, but they are transcriptionally inactive in ESC state. OCT4,
S0OX2, and NANOG also regulate transcriptionally active genes involved in pluripo-
tency maintenance (Babaie et al. 2007; Rodda et al. 2005).

11.11 Tests to Assess Differentiation Capacity

Pluripotency is one of the defining features of hESCs. Perhaps the most common
test of pluripotency is the formation of chimeras in mice in which ESCs are injected
into the blastocyst. The contribution of ES cells to the resulting chimera determine
the differentiation capacity of the injected cells. Although this approach can assess
mESCs, the assay is clearly not suitable for hESCs. Therefore, EB formation in vitro
and teratoma formation (Bigdeli et al. 2009) after injection into immune compro-
mised mice are currently used to validate pluripotency of hESCs (Chen et al. 2009).
This is accomplished by scoring the presence/absence of ectoderm, endoderm, and
mesoderm in EBs and teratomas. The important point is that without the demonstra-
tion of this key test (i.e., the ability to cause teratoma in mice) stem cells can never
be used in regenerative medicine.

Most studies have focused on in vitro differentiation protocols, which assess the
differentiated cells via expression analysis of cell-specific markers (Table 11.5).
However, few markers are specific for one cell type, and so panels of markers must

Table 11.5 Measure of differentiation ability

Methods Testing parameter

EBs, differentiation Mesodermal, ectodermal, and endodermal marker
expression

RT-PCR assay For different cell specific lineages

Array hybridization Standard sequencing, microarray, karyotyping,
FISH, SNP

Massive parallel signature sequencing SKY, CGH

MicroRNA profiling Specific microRNAs towards differentiation

Proteomic, functional, and teratoma analysis Proven differentiation ability
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be used in these experiments. Although the generation of ectoderm, mesoderm,
endoderm, and trophoblast and germ cells demonstrates the pluripotency of the
cells, the full differentiation capacity of hESCs is still a subject of intense study by
groups of researchers. The reader is encouraged to find specific reviews on the sub-
ject of differentiation (Chin et al. 2010).

11.12 Pathogen Testing and Mycoplasma

The most common form of contamination in the hES cell products is bacteria,
yeasts, and fungi. The main contamination causing bacteria are gram-positive cocci
and Mycoplasma species, followed by gram-negative rods and gram-positive rods
in a few hESC lines and feeders (Cobo et al. 2007). The risk of viral contamination
from products of animal origin (e.g., bovine serum and mouse fibroblasts as a
feeder layer for the development of embryonic cell lines) should also be
considered.

There are several ways to detect microorganisms, such as by measuring the
endotoxin levels or by direct microbial culturing, staining, and biochemical reac-
tions. In the case of Mycoplasma, which is fastidious and difficult to grow under
in vitro conditions, a visual screening procedure, such as the MycoFluor
Mycoplasma Detection Kit (Invitrogen, Carlsbad, CA, USA) may be used. It can
provide an ultrasensitive, rapid, simple fluorescence microscopic aid for visual
identification of Mycoplasma infection in laboratory cell cultures (Fig. 11.4). It
should be a mandatory standard of current good practice in stem cell banks to
carry out routine microbiological controls of the stem cell lines and to work in a
controlled environment to reduce the probability of contamination in the final
product.

Fig. 11.4 Fluorescence of
Mycoplasma arginini in live
cultured cells stained with the
MycoFluor Reagent (Image
contributed by Jason A.
Kilgore, Invitrogen)




11 Successfully Scale-Up hESC — Challenges and Overview 155

Process —_— Regulatroy requirements 'E:hlcal al\d coa“m:‘ GMP facility Technology state of art

Drocese e e

Derivation of hESC lines
for potential human therapy

—

QA Genetic stability Ability to differanti Ci ination risk
Morphalogy and Karyotype
profiferation rate analysis Ertodem Mycopissma
Quality >
approvals
Surface marker SNP
axpression analysis Enckiddems Pathogen
Freeze-thaw
viability Mesoderm

v

Therapeutic delivery

Fig. 11.5 Flow diagram outlining critical points for derivation of clinical-grade hESC lines

11.13 Ciritical Points to Achieve Clinical-Grade hESCs

We identified several critical control points (Fig. 11.5) with procedures that are
known to be essential for successful derivation or end-product quality. To achieve
clinical-grade hESCs, one has to consider the ethical approval of both the Human
Fertility and Embryology Authority for work involving human embryos and the
regulatory requirements of GMP manufacturers. The quality approvals that relate to
the physical environment, facility, and equipment maintenance standards are
reviewed and recorded. In addition, documented procedures are in place to ensure
that any research and development carried out to improve the methodology and
efficiency of hESC derivation and characterization is performed in accordance with
all GMP regulations but in a manner that segregates it both spatially and temporally
to maintain the integrity of the end-products. This allows the outcome of any such
research to be of direct clinical relevance and application.

11.14 Conclusion

Recent studies have raised important questions about the ability to amplify stem cell
populations in sufficient numbers to be useful for therapy. GMP-compatible biopro-
cesses for the production of stem cells and their derivatives in sufficient quantity for
clinical and biotechnology uses are clearly the need of the hour, allowing us to move
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into the next phase of clinical translation of hESCs for cell therapy. In the current
scenario of hESCs, large-scale culturing has to meet several constraints; and several
challenges need to be addressed, such as the criteria for assessing the state of stem-
ness of the cells propagated in large-scale culture conditions, including their trace-
ability, sterility, and suitability for cell therapy.

Bioprocess development efforts are particularly in their infancy, and there is a
dire need for substantial improvements in efficiency of bioreactor-based suspension
cultures, homogeneous 3D EB formation, cell factories and microcarrier cultures in
combination with the use of more xeno-free and animal origin-free reagents such as
defined media and defined substrate. For large-scale manufacture, it is important to
have hESCs that are genetically stable; high-quality input material is a prerequisite.
It is therefore important when setting standards to assess the expression of multiple
markers of the undifferentiated ESC state as well as the presence or absence of
markers of differentiation as mentioned earlier. Other key areas are the establish-
ment of efficient protocols to manipulate hES cells and derivatives genetically,
which will become increasingly important for the application of hESCs in practical
research.

Reprogramming technology is another landmark discovery made in stem cell
biology, and one needs to emphasize the development of large-scale procedures
for induced pluripotent stem cells (iPSC) cells. Currently, most of the reprogram-
ming processes are achieved by genetic modification with viral vectors that fall into
the category of gene therapy regulations. As a result, until we have zero footprint
technology in reprogramming, the scale-up development for reprogrammed cells is
a far-fetched aspect for large-scale production Nevertheless, the critical issues dis-
cussed for hESC large scale preparation still remain applicable to iPSCs as well.
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Chapter 12
Human Embryonic Stem Cells from Laboratory
and Clinical Perspectives

Necati Findikli

Abstract Because they can be obtained during the earliest developmental stage
and they have the capability for self-renewal and indefinite expansion potential as
well as the ability to differentiate in all somatic cell types, human embryonic stem
cells (hESCs) have become important research sources in basic science. These sci-
entific areas encompass human embryology, developmental genetics, and disease
modeling as well as areas of applied science and medical therapy such as pharma-
cology, toxicology, and cellular therapy. Their therapeutic potential, on the other
hand, still awaits major solution strategies for problems, including immune rejec-
tion, possibility tumor formation, and Good Manufacturing Practice (GMP)-grade
production among others. In the light of the contemporary literature and laboratory
applications, we summarize and discuss the current level of laboratory practice and
the problems and alternative solution strategies for using hESCs in clinical practice.
We also take note of the novel tools generated from hESC technology.

12.1 Introduction

Human embryonic stem cells (HESCs) are pluripotent stem cells derived from the
inner cell mass (ICM) of a growing human blastocyst. hESCs are obtained by iso-
lating ICM cells and culturing them in a special cell culture environment to mini-
mize differentiation and keep the cells undifferentiated for a long period of time in
culture. hESCs are generally distinguished by two distinctive properties: their
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pluripotency (ability to differentiate into the cell types of three germ layers or deriv-
atives) and their ability to replicate indefinitely.

Two independent research groups (Thomson et al. 1998; Reubinoff et al. 2000)
introduced the first human embryonic stem cells (ESCs) during the 1990s.
Enthusiastic scientists recognized the promise of these cells for research and medi-
cine, and research papers reporting successful derivation of new hESC lines emerged
during subsequent years. So far, more than 1000 successful hESC lines have been
isolated from human fresh or frozen morula and/or blastocyst-stage human embryos
and have been reported by 87 groups from 24 countries worldwide. There is trend
for these numbers to steadily increase (Hovatta 2006; Loser et al. 2010).

On the other hand, there have been numerous drawbacks and limitations in the
research and development of these cells in regard to their possible therapeutic role.
The problems are related to hESC isolation and the cells’ characteristics, culture,
and differentiation and the use of more advanced manipulation techniques. In many
countries, politics and intense ethical debates have taken place, leading to official
prohibition of hESC derivation and use, even for research purposes. (In some coun-
tries, the debates are ongoing.) From a society’s perspective, the main arguments
were the destruction of human embryos and possibility of uncontrolled creation and
abuse of human gametes specifically for hESC production. From a scientific per-
spective, there have been several other issues, such as their questionable nature and
the lack of standard characterization tools, poorly defined and animal-based culture
conditions, unpredicted and tedious differentiation pathways, and most importantly
their unknown fate and the immunogenic characteristics in the host when their use
in the therapy does become a valid option.

12.2 Issues Related to the Source of Human
Embryonic Stem Cells

Starting from the initial source, in nearly all of the reports the possible correlations
between embryo development parameters and successful derivation were poorly
defined, making a true efficiency for hESC derivation impossible to ascertain from
embryological aspects (Stephenson et al. 2006). Embryos that are used for deriva-
tion should, by definition, be produced by assisted reproductive technology (ART).
Therefore, an embryo to be used for hESC isolation is in fact a product of complex
therapeutic regimens including controlled ovarian hyperstimulation, in vitro fertil-
ization, and in vitro culture for several days. Although ART protocols and services
have been in clinical use for nearly three decades, the efficiency of the treatment is
still limited, and nearly 80% of in vitro-produced gametes/embryos lose their viabil-
ity before implantation.

Considering that nearly all of the embryos used for hESC derivation are left-
over, developmentally inferior embryos (not chosen for fresh embryo transfer), the
qualitative and quantitative analysis of the hESCs obtained from such sources can
in principle result in diverse differences and variabilities when they are used in
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further research involving characterization, differentiation, gene expression, and
other aspects. Results of human ART have shown that during in vitro culture only
30—40% of the fertilized human oocytes have the capacity to develop successfully
to blastocyst stage, and on average only 20% of the fertilized ova can implant in the
uterus. That is, approximately 70-80% of these zygotes/embryos exhibit varying
degrees of developmental abnormalities including unequal cleavage and excessive
fragmentation leading to developmental arrest. Even for the ones that can become
expanded blastocysts, some eventually lose viability before or shortly after implan-
tation, possibly due to induced apoptosis and chromosomal/genetic errors in both
the inner cell mass (ICM) and trophectoderm lineages. In most hESC isolation stud-
ies, fresh or frozen/thawed spare human embryos were used as a source material.
Few of the fresh spared embryos can survive and form blastocysts in extended cul-
ture, which results in a lower rate of ESC derivation compared to theirfrozen/thawed
counterparts (Sjogren et al. 2004).

Although the etiology behind this extensive embryonic loss is largely unknown,
several studies have so far pointed out a variety of possible causes, including inad-
equate oocyte maturation, suboptimal culture conditions, and chromosomal/nuclear
abnormalities during early cleavage stages. This situation indicates a need for
improved techniques/protocols that can minimize these negative factors in vitro
(Moor etal. 1998; Janny and Menezo 1994; Kaye 1997; Jones et al. 1998; Schoolcraft
et al. 1999; Munne et al. 1995; Harper et al. 1995; Bielanska et al. 2002). At differ-
ent stages of development during which hESCs have been derived—morula, late
blastocyst, epiblast—there is possible loss; and hence there is scope to refine the
methodology.

Current research that is aimed at optimizing human embryo development and
minimizing this embryonic loss, thereby increasing the success rate in ART, are
expected also to improve the hESC derivation process. Compared to the late 1990s
when the first hRESCs were reported, today’s human embryo culture systems provide
more standardized, optimal ingredients and protocols that can be more beneficial
for human embryos as well as hESC survival (Summers and Biggers 2003). As an
example, it has been reported that a low oxygen concentration increases the viability
of preimplantation embryos, assists their normal development, and helps to form
healthy blastocysts with well-formed ICMs in greater cell numbers (Dumoulin et al.
1999; Bavister 2004). It has also been indicated that low oxygen can have beneficial
effect on hESC cell clonal ability and reduce the risk of chromosomal abnormalities
(Forsyth et al. 2006).

In addition to embryo culture conditions, intrinsic (paternal) factors that are
inherited from infertile couples can affect the human embryo quality and outcome
of hESC derivation. In many cases, the nature of infertility resides in the quality and
quantity of oocytes/spermatozoa retrieved. Embryos produced from inferior quality
oocytes and/or spermatozoa can carry numerous metabolic and/or genetic problems
that may affect their development and implantation. Excess embryos from these
couples, if used in hESC derivation, may reach blastocyst stage but still carry abnor-
mal developmental patterns that can affect the derivation and the differentiation
profile. An increased rate of imprinting and other epigenetic abnormalities in human
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in vitro-produced preimplantation embryos (Jacob and Moley 2005) is a clear
example of such a consequence. Furthermore, the significantly higher incidence of
Beckwith-Wiedemann syndrome (an imprinting disorder caused by loss of imprint-
ing of IGF2 and other imprinted genes) in babies created by in vitro fertilization
(IVF) raises the prospect that the brief in vitro culture of human embryos as part of
infertility treatment may cause epigenetic abnormalities (Niemitz and Feinberg
2004). This issue may indicate that initial hESC culture may create relatively diverse
epigenetic profiles that can lead to different developmental and differentiation pro-
files in extended in vitro culture. Whether this finding can explain the differences in
cultural behaviors of hESC lines in similar in vitro settings remains to be seen.

As a potential alternative to avoid the above issues, hESC derivation can be real-
ized by using gamete/embryos from fertile donors. hESC isolation from embryos
that were specifically created for hESC isolation from donated human sperm and
oocytes was first reported by Lanzendorf et al. (2001). In their study, insemination
of 142 donated oocytes gave 68% fertilization and 50% blastocyst development
rates. As embryos were produced from gametes of healthy donors, it remains to be
argued whether better embryo development and hESC derivation rates can be
obtained with the current technology.

A possible use of human embryos obtained from fertile couples undergoing pre-
implantation genetic diagnosis (PGD) for human leukocyte antigen (HLA) typing
can in theory be another superior source for hESC derivation (Findikli et al. 2006).
The PGD technique, in its simplest terms, involves screening preimplantation
embryos for chromosomal abnormalities or for single gene defects. In addition to its
diagnostic value and expanding indications—cancer predisposition, dynamic muta-
tions, late-onset disorders—a new feature, preimplantation genetic diagnosis com-
bined with HLA typing, demonstrates its novel therapeutic role in contemporary
medicine (Kuliev and Verlinsky 2005; Rechitsky et al. 2006).

In some countries, to obtain a healthy, child who is HLA-compatible with his or
her sibling, fertile couples carrying a specific single gene disorder can undergo IVF
and PGD-HLA typing procedures. During the course of this treatment, healthy but
HLA-incompatible embryos can be donated for hESC derivation purposes (Findikli
et al. 20006).

12.3 Studies Involving the Isolation of Human Embryonic Stem
Cells by Ethically Acceptable Approaches

To avoid ethical concerns, several recent studies have utilized embryos that have
shown developmental arrests and were discarded from routine IVF treatments,
embryos produced and discarded after PGD, and embryos created parthenogeneti-
cally from donated human oocytes. There have been recent reports of successful
generation of hESC lines from biopsied human blastomeres.
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Utilization of arrested human embryos for hESC isolation was reported by Zhang
et al. (2006). As these embryos are no longer considered viable, this approach had
been proposed as an alternative way to derive new hESCs because the disintegration
of nonviable human embryos can be considered ethically acceptable. Especially in
countries with a nonflexible policy, arrested embryos can provide a more ethical
source for hESC derivation and so can resolve some of the political issues surround-
ing research using human embryos (Landry and Zucker 2004).

Application of PGD has not only helped couples who carry specific genetic prob-
lems have disease-free children, it has created a novel source for hESC research.
After biopsy and genetic analysis, embryos that are diagnosed as chromosomally
abnormal or that carry a specific monogenic disease can be donated for research,
resulting in hESC lines that can be the earliest in vitro models for that particular
genetic anomaly. On the other hand, Munne and his colleagues proposed that
embryos diagnosed as chromosomally abnormal after PGD could in part have a
self-correction ability, that is, can revert to a normal karyotype after prolonged cul-
ture, resulting in hESC lines with normal, stable karyotypes (Munne et al. 2005).
However, this finding must be confirmed by other independent studies.

As the PGD technique involves removal of a cell from a developing embryo
without impairing its potential to create a pregnancy (Handyside et al. 1990), it has
also been proposed that removed cells could be cultured and expanded for several
days, thereby being an ideal and ethically acceptable hESC source for future research
and therapy. Retrieval of individual human blastomeres through PGD and expand-
ing them directly in culture mainly for detection of chromosomal aneuploidy
have been documented by some groups, and a proof-of-concept study has been
performed in mice (Geber et al. 1995; Hlinka et al. 2001; Bielanska et al. 2003;
Chung et al. 2006).

It is known that preimplantation-stage embryos and hESC cells largely depend
on the presence of adjacent neighboring cells as well as several unknown factors
produced by them. Therefore, technical improvements and alternative culture
methodologies were sought to clarify the feasibility of this approach. In mice,
whether a blastomere is to become a trophoblast or an ICM cell appears to be speci-
fied by its position during the first cleavage (Piotrowska et al. 2001). It was also
demonstrated that asymmetrical distribution of the Cdx2 gene product in mouse
oocytes and embryos defines the lineage of the trophectoderm (Deb et al. 2006). In
correlation with studies in which a signal for ICM or trophectoderm lineage is pres-
ent in some blastomeres far earlier than when the phenotypical characteristics
emerge, the earliest signs of cellular differentiation occur during the compaction
stage in human embryos (Piotrowska et al. 2001; Edwards 2005; Hansis et al. 2004).
Klimanskaya et al. was first to report the derivation of new hESC cell lines from
isolated human blastomeres (Fong et al. 2006; Klimanskaya et al. 2006). Although
it was later argued that their technique was not the same as human embryo biopsy
for PGD purposes, the same group has more recently announced an extension of
their initial reports on embryos obtained from routine PGD cases (Chung et al.
2008). These results indicate that if one or two biopsied blastomeres were enough
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to expand the line, the same embryo would also be implanted in the uterus, creating
a viable offspring and comparable pregnancy rates as well as an unlimited stem cell
source for that sibling.

For other alternative sources and potential solutions to immunohistocompatibility
issues, several groups have applied somatic-cell nuclear transfer (SCNT) and parthe-
nogenetic activation methods to create patient-specific human and primate embry-
onic stem cell lines (Byrne et al. 2007; Lin et al. 2003; Vrana et al. 2003; Mai et al.
2007; Revazova et al. 2007). Compared to SCNT, parthenogenetic activation of
oocytes is a relatively simple method to create histocompatible stem cells because the
technique does not require complex instruments or micromanipulation experience.

Regarding histocompatibility, some researchers argue that a minimum of 40-50
homozygous hESC lines would be necessary to cover 50% of the HLA isotypes in
the American population and 150 lines to cover the UK population, minimizing the
immune rejection of hESC-derived transplants (Faden et al. 2003; Taylor et al.
2005). Although these numbers may be underestimated due to the ethnically diverse
nature of the populations in question, creating master hESC banks for future thera-
peutic and research applications seems to be a realistic approach. It helps with the
standardization of hESC cultures and in reducing the cost and unnecessary deriva-
tion of new hESC lines (Rao and Auerbach 2006; Civin and Rao 2006; Stacey and
Hunt 2006).

These potential drawbacks and limitations have led to a significant development:
isolation of an exciting, promising pluripotent stem cell source, the induced pluri-
potent stem cell (iPS cell). iPS cells are artificially derived from a terminally dif-
ferentiated adult somatic cell (e.g., fibroblast, hepatocyte) by introducing a group of
four “stemness” genes (oct3/4, sox2 together with Kilf4 and c-myc or with Nanog
and Lin28) that are known to be expressed in hESCs. These cells were first pro-
duced in 2006 from mouse cells and in 2007 from human cells (Takahashi and
Yamanaka 2006; Takahashi et al. 2007; Yu et al. 2007). They give rise to cells
derived from all three germ layers in vitro and in vivo. Murine iPSCs injected into
murine blastocysts have been shown to contribute to embryonic development
(Takahashi and Yamanaka 2006).

This development is considered an important scientific discovery as it allows
researchers to obtain ESCs or any other pluripotent stem cell types without the need
to destroy a human embryo. Moreover, because the reprogrammed cells theoreti-
cally carries the same genome profile of the cell donor, this method can be a valid
option for creating patient-specific stem cells. It would further solve the current
issues of graft-versus-host disease and other immunity-related problems.

Although this novel technology would potentially diminish the need to destroy
human embryos for hESC derivation, owing to the properties of the approach itself
reprogramming of adult cells to obtain iPSCs may pose significant risks that could
limit its use in humans. Because viral vectors and proto-oncogenes are used to
genomically alter the cells, tumor formation may be triggered. More recent studies
may have found a solution for this problem by replacing the effect of potentially
problematic proto-oncogenes with reprogramming factors or proteins, creating a
new terminology such as the protein-induced pluripotent stem cells (piPSs) (Park
et al. 2008; Zhou et al. 2009).
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12.4 Studies Involved in Improving Isolation and Cell Culture
Conditions

Since 1998, derivation methodology of the reported hESC lines included isolation
of ICM cells from Trophectoderm cells by immunological, mechanical, chemical,
or laser-assisted means or by direct plating of intact blastocysts on feeder cells/
dishes coated with extracellular matrix proteins without prior ICM dissection or
proper staging of blastocysts for hESC derivation (Thomson et al. 1998; Reubinoff
et al. 2000; Heins et al. 2004).

The immunological method, also called immunosurgery, utilizes exposure of
embryos to pronase enzyme, animal-derived complement system reagents, and anti-
bodies raised against human cells. Recent experience, however, has shown that this
technique is not the optimal derivation method when poor-quality, spare embryos
with small or nearly visible ICMs are used. Moreover, hESCs that have been iso-
lated with this method are eventually not suitable for therapeutic use owing to the
risk of their carrying xenogenic pathogens (Martin et al. 2005). The whole (or
direct) culture method has also been reported and compared to immunosurgery
(Findikli et al. 2006; Ellerstrom et al. 2006). This method has been said to be supe-
rior to immunosurgery because it not only shows a better success rate but clearly
avoids the use of animal-derived antibodies, making the culture system (one step)
more suitable for therapeutic use. Alternatively, depending on the quality of the
starting material, using a combination of protocols has been proposed to increase
the efficiency of the isolation (Suss-Toby et al. 2004).

Chemically removing zona pellucida by means of the acid Tyrode approach is a
valid alternative to pronase as in the former method the embryos are not exposed to
a bacterial product. However, exposure of embryos to the acidic solution (pH 2.5—
3.0) can be hazardous for ICM cells unless the incubation time is carefully opti-
mized and experienced staff perform the procedure.

Finally, application of a noncontact diode laser has become widely used technol-
ogy in contemporary assisted reproductive technologies for artificially opening the
zona pellucida before intracytoplasmic sperm injection (ICSI) (Rienzi et al. 2001),
embryo transfer (assisted hatching) (Obruca et al. 1994), or embryo biopsy during
preimplantation genetic diagnosis applications (Joris et al. 2003). Use of laser tech-
nology for ICM isolation during hES cell derivation has been reported by Turetsky
et al. (2008). Their study indicated that this approach is potentially useful in xeno-
free hESC derivation because it avoids the use of animal-derived enzymes of immu-
nological substances that have traditionally been used for this purpose. Strom et al.
developed another potentially advantageous isolation method wherein a mechanical
isolation protocol utilizes two metal needles with sharpened tips that can cut both
the zona pellucida and ICM, thereby avoiding exposure of embryos to either acidic
environments or animal-derived substances (Strom et al. 2007).

The proper maintenance and expansion of hESCs comprise important issues
in hESC biology. Although nearly a decade has passed from the first successful
report on hESC isolation and expansion, in vitro culture of these cells still requires
direct exposure to one or several undefined culture ingredients of nonhuman origin.
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Use of a blood-borne complement system to isolate ICM from an expanded human
blastocyst has already been discussed. However, current hESC cultures still need
other materials, such as serum, mitotically inactivated mouse embryonic fibroblasts
(MEFs), or MEF-derived extracts.

Although the functional significance and mode of action of some products have
been delineated in recent studies, the feeder layer or layer-derived products provide
certain currently unknown soluble and/or membrane-bound factors that can increase
the derivation efficiency and support undifferentiated growth of hESCs (Kim et al.
2005; Aflatoonian et al. 2010; Amit et al. 2004). Although hESC lines were initially
cultured on mouse-derived fetal fibroblasts, these feeders have been replaced with
human counterparts that are isolated from various tissues (Richards and Bongso
2006). Another recent approach involves the culture of whole blastocysts on defined
or purified cell extracts or matrix proteins of human origin, including collagen VI,
fibronectin, laminin, and vitronectin (Ludwig et al. 2006).

Previous studies performed to develop feeder-free culture environments to sup-
port established hESC lines have indicated that three factors—transforming growth
factor B1 (TGFp1), leukemia inhibitory factor, bone morphogenetic protein (BMP)
antagonist Noggin—act together to suppress hESC differentiation and promote self-
renewal (Ludwig et al. 2006; Xu et al. 2005). To develop chemically defined media
that sustain hESC self-renewal, it is important that signals and mechanisms control-
ling hESC fate choices (e.g., choosing to differentiate into a particular lineage or
continuing to proliferate as undifferentiated progeny) should be understood in detail.
Several studies have discovered that during hESC self-renewal a major role is played
by members of the Wnt and TGFf superfamily of signaling molecules (Sato et al.
2004; James et al. 2005). TGFp family members seem to stimulate hESC self-
renewal by inducing phosphorylation of the intracellular mediators Smad2 and/or
Smad3. On the other hand, BMPs induce hESC cell differentiation to extraembry-
onic lineages or to germs cells by phosphorylation of Smad1/5/8 (Xu et al. 2002;
Pera et al. 2004; Kee et al. 2006). Fibroblast growth factor 3 and insulin-like growth
factor II also play important roles in hESC self-renewal by inducing expression of
TGFp family molecules such as TGFf/activin/nodal (Bendall et al. 2007).

In a recent study, albumin-associated lipids, which are essential ingredients for
KnockOut Serum Replacement (KSR), have also been found to have strong positive
effects on the self-renewal of hESCs, indicating that a deeper understanding of the
mechanisms will eventually lead us to produce xeno-free, chemically defined cul-
ture media for hESC self-renewal and differentiation (Garcia-Gonzalo and Belmonde
2008). Clearly, a lack of xeno-free reagents during the process of derivation of hRESC
lines is a huge gap that needs to be addressed. The availability of reagents such as
KSR, which is made of completely xeno-free materials, or those with human mate-
rials would enable researchers to derive the next generation of hESC lines with
greater potential for use in human clinical cell therapy.

The upscaling process involves disaggregation of undifferentiated hESC colony
pieces from their original culture, after which they are transferred into a new culture



12 Human Embryonic Stem Cells from Laboratory and Clinical Perspectives 167

environment that again supports undifferentiated growth of hESCs. The most widely
used method to maintain undifferentiated “high quality” hESCs in culture is
mechanical passaging. With this method, micropipettes or finely drawn Pasteur
pipettes are used to cut the proper colonies in pieces. Optimum numbers of pieces
are transferred into new culture dishes every 4—7 days. Although this method seems
to be advantageous over enzymatic dissociation in that no animal-derived dissocia-
tion enzyme is used, it certainly becomes a limiting technique when large-scale
hESC production is required. Passaging and upscaling of hRESCs by enzymatic tech-
niques have, on the other hand, recently been questioned in several reports. Compared
to those that were mechanically passaged, cells treated with dissociating enzymes
have shown accumulated chromosomal abnormalities, indicating a potential tech-
nique-induced genetic instability of the hESC lines studied (Brimble et al. 2004;
Maitra et al. 2005). It has also been demonstrated that mouse and human ESCs prop-
agated by automated culture maintain their mean specific growth rates, their capac-
ity for multi-germ-layer differentiation, and expression of the pluripotency-associated
markers SSEA-1/Oct-4 and Tra-1-60/Tra-1-81/Oct-4, respectively (Terstegge et al.
2007). The feasibility of ESC culture by automation may greatly facilitate the use of
this versatile cell source for a variety of biomedical applications.

Delineating the differentiation potential of hESCs and trying to establish accept-
able, reproducible differentiation protocols are still challenges from many aspects.
From their first isolation, many research groups have been trying to improve the
differentiation protocols for modifying hESCs into cardiomyocytes, neurons, and
insulin-producing cells among others, taking us one step closer to possible thera-
peutic options (Murry and Keller 2008; Nizzardo et al. 2010).

Accurate assessment of toxicity and safety is an essential part of drug develop-
ment. In vitro toxicity assays using human hepatocytes are one way to model this
process, but widespread use of this approach is hindered by the scarcity and the
quality of donor tissue. The differentiation of hESCs and induced pluripotent stem
cells to functional hepatocyte-like cells has been reported (Asgari et al. 2010).
Studies show that further development of this technology could lead to the scalable
production of hepatocyte-like cells for liver toxicity screening and clinical therapy.

With all these improvements and research on hESCs, the flow and sharing of new
information has become essential to provide better research tools and to design effi-
cient research projects with optimal funding. For this reason, the hESC registry
(hESCreg) was set up in April 2007 with European Union funding. It was created to
offer the research community, legislators, regulators, and the general public at large
an in-depth overview on the current status of hESC derivation and research activity
in Europe (www.hescreg.eu) (Borstlab et al. 2008). As a first step, a database was
developed that is freely accessible and now contains more than 500 hESC lines,
including the lines carrying genetic mutations that have been derived in Europe and
elsewhere. These tools, especially obtained by isolating embryos carrying monogenic
or chromosomal disorders, are no doubt valuable for understanding the early patho-
genesis of numerous genetic diseases, which are difficult to analyze by other means.
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12.5 Conclusion

Since 1998, the accumulated data on hESC derivation and culture indicate that
hESC cell research is expanding exponentially and is moving forward to keep its
promise in many scientific and medical disciplines including developmental biol-
ogy, human embryology, toxicology, pharmacology, genetics, and regenerative and
reproductive medicine.

All reported hESC lines up to now have been established using animal-derived
material during derivation or cultivation, and so they are not suitable for clinical use.
It is anticipated that the recent advances in understanding ESC self-renewal and
expansion mechanisms will no doubt bring contemporary stem cell research one
step closer to xeno-free hESC lines that can be utilized in medicine.

Finally, to develop a clinically relevant therapeutic cell/tissue replacement prod-
uct using therapeutic-grade hESCs, contemporary scientists must cope with the fol-
lowing challenges.

e Production of human embryos under Good Manufacturing Practice (GMP) con-
ditions followed by animal- and pathogen-free ICM isolation

e Feeder-free (animal or human origin) hESC culture systems that involve only
purified and screened human extracellular matrix proteins and growth factors,
cocktails, and so on

e New GMP-compliant products of a xeno-free nature that are clear alternatives to
extracellular attachment factors such as Matrigel and completely humanized or
xeno-free reagents such as KnockOut Serum Replacement

e Suitable large-scale hESC culture expansion systems that allow mass production
and upscaling of hESCs without a negative effect on cellular proliferation, dif-
ferentiation, or genetic instability

e Well-defined differentiation protocols/systems that allow mass production of
certain precursors and ultimate somatic cell types

» Intensive, tedious screening systems that can efficiently remove undifferentiated
hESCs from the differentiated cell population
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Chapter 13

Clinical and Laboratory Aspects

of Preimplantation Genetic Diagnosis

and Derivation of Affected Human Embryonic
Stem Cell Lines

Ridvan Seckin Ozen

Abstract Preimplantation genetic diagnosis (PGD) consists of diagnostic
procedures detecting a genetic condition(s) in the oocyte or embryo produced by
in vitro fertilization (IVF) prior to pregnancy. Chromosomal abnormalities and sin-
gle gene disorders can be tested by PGD, which gives the parents the opportunity to
choose unaffected embryos for transfer. Establishment of affected human embry-
onic stem cell (hESC) lines from affected preembryos with genetic disorders diag-
nosed by PGD provides a powerful research tool for exploring fundamental
biological mechanisms of early stages of development. This, in turn, leads to the
development of new approaches for diagnosing, treating, and preventing genetic
disorders. Human embryonic stem cell (hESC) lines are pluripotent and can produce
all types of cell lineages in the body. Considering the presence of genetic diversities
and polymorphisms in populations, there is a need for large hESC line collections
to provide the various genetic components for research purposes. There are several
advantages and a uniqueness of hESC research. It cannot be done in animal models
or with cell culture methods. Also, it has an invaluable place in pharmacogenomic
testing and regenerative medicine applications as affected hESCs of some disorders
are the only biological tools we have as disease models.
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13.1 Introduction

Preimplantation genetic diagnosis (PGD) consists of diagnostic procedures detect-
ing a genetic condition(s) in the oocyte or embryo produced by in vitro fertilization
(IVF) prior to pregnancy. Based on genetic test results, PGD allows parents to
choose which embryos to transfer to the uterus for implantation. Because only unaf-
fected embryos are transferred and initiation of abnormal pregnancies is prevented,
PGD eliminates the possibility of having to terminate an unfavorable pregnancy
diagnosed by postconceptional prenatal diagnostic procedures—i.e., amniocentesis
(AS), chorionic villous sampling (CVS), cordocentesis.

A PGD program involves several steps, requiring clinicians and laboratories to
collaborate. Couples should be informed about PGD by a genetic counselor. After
ovulation induction and oocyte aspiration performed by an IVF center/clinic, oocyte
fertilization and embryo culturing followed by polar body removal and/or blastom-
ere or trophectoderm biopsy steps are done in an IVF laboratory. Biopsied samples
are tested, and results are reported separately for each embryo in a genetics labora-
tory specializing in PGD. Couples are given detailed information about the PGD
report and decide which embryos should be transferred under the supervision of an
IVF center physician. Surplus embryos that are not transferred but are suitable for
transfer can be frozen if so requested by the patients. If pregnancy occurs, prenatal
diagnosis (AS, CVS) can still be recommended for confirmation purposes.

The major application of PGD is aneuploidy screening for the most common
chromosome abnormalities and diagnosis of unbalanced inheritance of chromo-
some abnormalities (translocations, inversions, deletions). As it is known that
numerical chromosome abnormalities are the most common reason for pregnancy
loss, selection of euploid embryos for transfer increases the implantation rate,
lowers the spontaneous abortion rate, and reduces the risk of trisomic offspring
(e.g., Down syndrome). The main indications for this preimplantation genetics
screening (PGS) are advanced maternal age (>35 years), recurrent pregnancy losses,
or repeated IVF failure.

The PGD is also available for a large number of single gene disorders: autosomal
recessive (e.g., cystic fibrosis, B-thalassemia, spinal muscular atrophy), autosomal
dominant (e.g., Huntington's disease, myotonic dystrophy), and X-linked (e.g.,
fragile-X syndrome, hemophilia A, Duchenne muscular dystrophy). Identification
is mainly by polymerase chain reaction (PCR)-based techniques using different
approaches and detecting normal, carrier, and affected embryos. HLA typing of
embryos—together with monogenic disease testing (e.g., B-thalassemia) or with no
other single gene testing (e.g., leukemia)—helps couples use their own new PGD
baby as a cord blood stem cell donor for a sick sibling. PGD testing for late-onset
diseases (some groups consider this unethical because the individuals stay healthy
until the onset of the disease, usually in their fourth decade) and cancer predisposi-
tion (BRCAI and p53) are other indications. Nondisclosure PGD (for Huntington
disease) indicates the cases when parents do not want to know if they are carriers but
still want to have a baby free of the disease.
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13.2 Obtaining Cells for Preimplantation Genetic Diagnosis

The PGD can be carried out on polar body 1, polar bodies 1 and 2, blastomere, and
trophectoderm cells. In follicle-stimulating hormone (FSH)-stimulated ovarian fol-
licles, the oocyte completes meiosis I while ovulation occurs and divides into two
cells, leaving one cell cytoplasmically active and the other compact and seques-
trated (polar body 1, or PB1) between the zona pellucida and the active cell
(Fig. 13.1) not having any counterpart in the developing embryo. PB1 has “2n”
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Fig. 13.1 Chromosomal segregation and recombination during meiosis I and II. Crossing-over
(recombination) event happens between each homologous chromosome pair in meiosis I.
Recombination occurs at several points along the chromosome. One chromatid of a chromosome
can recombine with only one chromatid or both chromatids of the other chromosome, depending
on where the chiasma occurs. This figure shows the multiple recombination events between only
two nonsister chromatids of a homologous chromosome pair. Recombined chromosomes are a
mixture of maternal and paternal DNA having heterozygous genetic elements at some loci. When
ovulation occurs, the oocyte divides into two cells with chromosomal segregation: one cell with no
cytoplasm (polar body 1, or PB1) consisting of half (2n) of the duplicated DNA material. Entrance
of sperm into the oocyte triggers meiosis II and the (n) number of chromatids is extruded with PB2.
Chromosomal segregation problems occur in both meiosis I and II at rates of, respectively, 41.7%
and 35.1% (Verlinsky et al. 2005). PB1 and PB2 analysis enables prediction of the maternal DNA
constitution left in the oocyte. PB1 analysis without PB 2 analysis does not provide the exact infor-
mation about the maternal genomic DNA contribution to the embryo
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number of chromosomes, and each has recombined DNA material of maternal and
paternal chromosomes of the mother. This recombination event (crossing-over)
occurs when the same (homologous) chromosomes are aligned side by side on
metaphase stage of meiosis L.

The number and position of recombination events between homolog chromo-
somes happens in a randomized manner for each oocyte. There are several hot spots
for recombination along the chromosome. For a given locus of any chromosome,
some oocytes become heterozygous, whereas others keep the homozygous state. IVF
protocols stimulate many follicles in the ovaries for maturation compared to one or
two in natural cycles. The number and maturation of oocytes decreases, especially
after 35 years of age. For IVF, after oocyte retrieval (day 0) and surrounding cumulus
cell removal, PB 1 is biopsied by a micropipette through the zona pellucida by creat-
ing a hole mechanically or with the aid of laser or chemicals and transferred to another
droplet of medium to avoid possible DNA or cell contamination from the medium in
which the oocyte is biopsied. As a general rule, every biopsied sample should be
picked up and placed into separate medium and then processed for genetic analysis.

Intracytoplasmic sperm injection (ICSI) (day 0) is done after the PB1 biopsy.
Sperm injection induces the oocyte the extrude the PB2, which can be biopsied on
day 1. When the embryo develops to the six- to eight-blastomere stage (day 3), one
blastomere biopsy is done. It has not been shown that polar body removal has an
additional negative affect on embryo survival compared to blastomere biopsy
(Cieslak et al. 2006). Single blastomere biopsy is thought to reduce the pregnancy
rate nearly 10%, and biopsy of two blastomere cells may cause a low pregnancy rate
(Cohen et al. 2007). The embryo reaches the blastocyst stage (nearly 120 cells) on
day 5 or 6; this evolves into the inner cell mass (ICM), (which will develop into the
body of the fetus) and the trophectoderm (which will form the placenta). Embryo
transfer must be done no later than day 6. Improvements in cryopreservation proce-
dures (with highly efficient vitrification protocols) of the biopsied embryos allows a
trophectoderm biopsy at the blastocyst stage (day 5), which is useful for PGD. It
yields more biopsied cells (10-30 cells) and avoids removing an embryonic cell.
Frozen trophectoderm-biopsied embryos are thawed during the next cycle for
embryo transfer (de Boer et al. 2004; Kokkali et al. 2005; McArthur et al. 2005;
Kuwayama 2007; Escriba et al. 2008; Schlenker et al. 2009).

Genetic analysis of blastomere should be finished within 1-2 days to enable day
5 embryo transfer (ET). If PB1 and PB2 analyses (sequential polar body analysis, or
SPBA) give successful results for the tested genetic condition, ET can be done on
day 3, which is preferred by some IVF centers. Trophectoderm biopsy usually
requires freezing of embryos due to a lack of time for genetic analysis unless anin-
tensive effort is spent to give genetic reports on day 5 for day 6 ET.

In addition to each biopsy technique having its own difficulties, there are advan-
tages and requirements associated with its clinical use. The particular genetic
condition(s) for which the test is performed, the inheritance mode of the disease,
and whether the test yields successful results from the biopsied sample influences
the strategy for obtaining a suitable biopsy specimen. SPBA can be done for auto-
somal recessive disorders, autosomal dominant disorders when the mother is
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Table 13.1 Biopsied sample type preference versus mode of inheritance for single gene disorders
Biopsied sample type

Mode of inheritance PB1+PB2 Blastomere ~ PB1+PB2 +blastomere

Autosomal dominant (e.g., myotonic

dystrophy, neurofibromatosis 1,
tuberous sclerosis)

Affected mother + 42 +b
Affected father + +¢
Autosomal recessive + +ad 4b

(e.g., cystic fibrosis, B-thalassemia,
spinal muscular atrophy)

X-linked (e.g., fragile-X syndrome, + +ad +b
DMD, hemophilia A)

HLA typing + +¢

Aneuploidy testing +

PB: polar body

“Blastomere analysis can be done as the first choice depending on the PB biopsy experience at the
in vitro fertilizaiton center and analysis capacity of the genetic diagnosis center

"Blastomere analysis may follow to strengthen the PB results or when PB testing fails to give
interpretable results

°PB testing can be done to have prior information about the maternal contribution to the embryo,
which helps when analyzing the blastomere results

dWhen PB results reveal a wild-type (normal) genetic contribution to the embryo, blastomere anal-
ysis may not follow if parents accept the possibility of having a carrier baby due to transmission of
an affected chromosome by sperm

affected, and X-linked disorders if the mother is the carrier. A blastomere sample or
trophectoderm biopsy is required if father is affected with an autosomal dominant
or X-linked disorder. HLA typing has to be done in blastomere or trophectoderm
cells because the paternal genetic information is needed. SPBA or blastomere anal-
ysis can be added to the testing strategies mentioned above (Table 13.1).

13.3 Single-Gene Disorder Testing

Preimplantation genetic diagnosis of single gene disorders has become possible for
every type of mutation, including single base substitutions (e.g., most commonly
HBB gene mutations), small deletions (e.g., deltaF508 mutation of the CFTR gene),
large deletions [e.g., DMD gene exon(s) deletions of the Duchenne muscular atro-
phy], small insertions (e.g., +TATC1278 insertion of the HEXA gene in Tay-Sachs
disease), duplications (e.g., duplication of a large region harboring the PMP22 gene
in Charcot-Marie-Tooth neuropathy type 1A), trinucleotide repeat expansion disor-
ders (e.g., CTG trinucleotide repeat expansion in the DMPK gene in myotonic dys-
trophy), and mutation of genes having a pseudogene (e.g., exon or full deletion of
the SMN1 gene having SMN2 pseudogene in spinal muscular atrophy).
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Multiplex Nested PCR Protocol Design

Genomic Organization of the 237 Region
(Crigler-Najjar Syndrome, UGT1A1 locus)
| ¢.878-890 delACATTAATGCTTC mutation |
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<~ - - = <~ -
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cM distance is the position of each marker and the gene on the chromosome 2

Fig. 13.2 Multiplex nested polymerase chain reaction (PCR) protocol design for single gene disor-
ders. Genomic organization of the 2q37 region between 233.55 and 236.90cM distances on the q
arm of chromosome 2 is shown with the UGTIA1 gene (responsible for Crigller-Najjar syndrome)
and flanking STRs linked to the gene. D2S331, D2S1279, and D2S2348 are on the 5” end of the
gene. D2S336 and D2S338 are on 3" end of the gene (Ozen et al. 2009). For STRs, the position of
semi-nested PCR primers are shown by arrows; two outside primers are used for the first-round
PCR, and one inside primer is used in combination with one of the outside primers for second-round
PCR. For UGTIAI, the position of full-nested PCR primers are shown by arrows; two outside
primers are used for the first-round PCR, and two inside primers are used for second-round PCR.
Mutation of the UGTIAI gene is ¢.878-890 delACATTAATGCTTC, present in both parents of the
family seeking a preimplantation genetic diagnosis (PGD). First-round multiplex PCR includes the
outside primers of the UGTIA gene and informative (heterozygous) STRs of the parents. Second-
round PCR is done separately for the gene and STRs by using nested (semi- or full-) primers

13.3.1 Multiplex Nested Polymerase Chain Reaction

Considering that PGD is done in a single cell, routine genetic analysis methods
done in bulky DNA extracted from peripheral blood sampling or other sources (buc-
cal swab, amniocentesis, chorionic villous sampling, cultured specimens) is not
applicable. There is a requirement of preamplification of desired DNA elements to
reach enough material for following detection steps. Multiplex nested PCR is the
most common method used for single gene disorders during the PGD performance
and consists of three consecutive steps.

e Step 1. Cell lysis of biopsied sample in a PCR tube containing lysis buffer (com-
monly used buffers are proteinase K and KOH-DTT). Because the extracted
DNA cannot be transferred to a separate PCR tube, inactivation of proteinase K
or neutralization of alkaline KOH buffer should be done before following the
PCR steps.

e Step 2. First-round PCR: Multiplex PCR mixture is added. It has multiple primer
sets designed to amplify the mutation region of the gene and inside gene or
closely linked—preferably not more than 2 cM distant from both the 5" and 3~
sides of the gene to keep the possibility of a recombination event at a very low
level—short tandem repeat/single nucleotide polymorphism (STR/SNP) genetic
markers (Fig. 13.2) (Ozen et al. 2009). PCR conditions can be strengthened by
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UGT1A1 gene, c.878-890 delACATTAATGCTTC mutation

Primer-1  Primer-3 I
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Gradient PCR for best PCR primer combinations and optimal Tm °C

Fig. 13.3 Nested PCR primer optimization for PGD protocol. Primer positions are shown on the
genomic DNA sequence. Gradient PCR (between 47°C and 61°C) with primer 1-4, 1-2, 3-4, and
2-3 combinations are done to find the best annealing Tm (°C). Polyacrylamide gel electrophoresis
(PAGE) shows the amplification yield for each primer set for different PCR annealing tempera-
tures. All primer sets have amplification products between 47°C and 57°C with no extra bands. In
the case of nonspecific annealing of primers to other DNA sequences giving extra products larger
or smaller than the desired basepair length, the annealing temperature giving one band pattern is
chosen. If no PCR product is obtained or extra bands are present at every annealing temperature,
a new primer design is needed

enhancers such as dimethylsulfoxide (DMSO). Nearly 50 loci can be amplified
successfully in a single-cell-based optimized multiplex PCR protocol.

e Step 3. Second-round PCR: Separate PCR reactions are done with nested prim-
ers (semi-nested or full-nested) for each loci included in the first-round PCR.
Each nested PCR primer set should be optimized for the best amplification con-
ditions (Tm °C and MgCl, concentrations) (Fig. 13.3). A 1.0- to 1.5-ml aliquot of
the first-round reaction is used as the DNA template for the second-round PCR.

Detection of the mutation and genetic polymorphisms is dependent on the design
of the PCR protocol followed by fluorescence sequencing or fragment analysis, restric-
tion fragment length polymorphism (RFLP) (natural or mismatch primed), amplifica-
tion refractory mutation system (ARMS), real-time PCR, and minisequencing.

13.3.2 Haplotyping of Family Members

Designing a PGD protocol for a specific single gene disorder requires information
about the mutated gene and the exact mutation position. Clinical diagnosis of a
proband or carrier status stated by biochemical testing or an affected relative may
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Fig. 13.4 Haplotyping of family members for the genomic region of interest. DNA extracted from
peripheral venous blood samples of family members are used for haplotype analysis. UGTIAI
gene and closely linked STRs are haplotyped by fragment analysis of UGTI/AI gene mutation
(¢.878-890 delACATTAATGCTTC deletion, or DEL) and fluorescence PCR of STRs. STR alleles
segregating with maternal and paternal chromosomes carrying UGT1A1 gene mutation (DEL) is
based on the genotype of the affected daughter. Allele information is given as basepair lengths of
PCR products detected in fragment analysis. Maternal and paternal chromosomes carrying wild-
type (normal) and the DEL mutation are shown with differently labeled bars. Paternally inherited
chromosomes are placed on the left and maternally inherited chromosomes are placed on the right
of the genotype pattern of the children. In the presence of the consanguinity between parents (as in
this family), shared alleles can be used to build the haplotype as well. If there were no affected
children, allele information of the carrier son would not be helpful for drawing the haplotype
because the parental inheritance of mutation was not known

lead a molecular geneticist to test a specific gene, as in 3-thalassemia for the HBB
gene. Once the mutation(s) is found in the parent(s), a PGD set up specifically for
the given family is done with the DNA material obtained from the parents and
related family members prior to testing the embryo (Fig. 13.4). Haplotype informa-
tion regarding which STR/SNP alleles are on the same chromosome harboring
wild-type and mutated genes is needed to overcome the negative effect of allele
dropout of gene alleles on prediction of embryo genotype.

13.3.3 Allele Dropout

Allele dropout (ADO) is the nonamplification and detection failure of one allele of
a heterozygous locus. ADO can be encountered at higher percentages for some loci.
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Fig. 13.5 Allele dropout (ADO) rates of STR/SNP on the FRAXA region with respect to PBI,
PBII, and blastomere analyses. ADO and No ADO results of 12 STR/SNP genetic markers from
PGD cases studied with PB1, PB2, and blastomere cells are shown. For the AC1 genetic marker,
ADO was less encountered in the blastomere analysis (4/4+72=5.2%) compared to PB1
(19/19+183=9.4%) analysis. For DXS548, ADO was found more in the blastomere analysis
(717+62=10.1%) compared to the PB1 (1/1+145=0.7%) analysis. P23 marker gave no ADO
results with any sample type (Ozen et al. 2005b). Considered with other genetic marker ADO rates,
ADO does not seem to be affected by the sample type. When total ADO rates are compared, there
is also a big difference between genetic markers: 8.97% for AC2, 4.33% for DX8091, 1.2% for
DXS998, and 0% for P23. These numbers show that it would not be appropriate to give a fixed
percentage rate for ADO. A combined ADO rate for the four highest genetic markers (AC1, ATLI,
AC2, DXS8091) is 0.002%. Even if these four markers are the only informative ones in a given
family, misdiagnosis due to ADO while using four genetic markers is infrequent. If AC1 and AC2
are the only ones to be used for a PGD case, the combined ADO rate is 0.7%. Considering that
these two STRs are very close to each other, it would be expected to have ADO of one marker
together with the other one, but this is not the case most of the time

Reoptimizing the PCR primer sets for a locus giving high ADO rates can help yield
better results, but the DNA sequence of the locus may not let this happen. ADO is
not specific for the cell type. ADO rates of STRs/SNPs of the FARAXA region for
PB1, PB2, and blastomere cells are shown in Fig. 13.5 (Ozen et al. 2005b).

13.3.4 Place of STR/SNP Polymorphic Genetic Markers
in Preimplantation Genetic Diagnosis

Inclusion of STR/SNP genetic markers in the PGD has several advantages.

13.3.4.1 Detecting Allele Dropout or Preferential Amplification

Autosomal Recessive Single Gene Disorders
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When parents share the same mutation of a given gene, for a carrier embryo an
ADO of anormal allele may lead one to predict the genotype of the embryo as affected
because there is only information regarding an affected allele. Genetic markers closely
linked to the gene can give information about the presence of normal chromosome
(carrying the wild-type allele) and save these embryos for embryo transfer.

In the cases of parents having different mutations, an affected embryo may give
single cell results as normal when ADO occurs on both mutant alleles, leaving only
normal allele information in the test results. Genetic markers can reveal the pres-
ence of parental chromosomes carrying mutated genes.

Autosomal Dominant Single Gene Disorders

Allele dropout of a mutated allele (with the presence of information indicating a
normal allele) in an affected embryo leads to a misdiagnosis of a normal embryo.
Genetic markers allele information linked to the mutated and normal chromosomes
show the actual genotype of the embryo.

X-Linked Single Gene Disorders

For female embryos, ADO of the mutations may conceal the carriers as being
normal. Because X-inactivation occurs randomly, carrier females may present clini-
cal symptoms. For male embryos, ADO of the gene locus may be considered as a
failure of amplification. Inclusion of genetic markers can solve both problems for
predicting a genotype.

13.3.4.2 Detecting DNA Contamination

Maternal cell or DNA contamination of the biopsied sample can be detected by genetic
marker analysis. Normal embryos may give carrier results due to maternal contamina-
tion. The same results can be obtained in trisomies of the related chromosome.

Unrelated DNA contamination might be detected if the source of contamination
has different alleles. Because unrelated DNA would produce normal gene test
results, carrier-affected embryos might be misdiagnosed as carriers especially when
the parents share the same mutation.

13.3.4.3 Embryo Identification

Each embryo of a given IVF cycle has its own genetic fingerprint comprised of a
combination of its parents. By including highly polymorphic and heterogeneous
STR markers in the PGD testing, it would be possible to check retrospectively
whether the transferred embryo has the same fingerprint as the biopsied one.

13.3.4.4 Detection of Chromosomal Aneuploidies

Having prior information regarding the parents for a wide range of STR markers of
selected chromosomes and choosing two or three of the heterozygotes among them
would allow the detection of trisomies or monosomies. To increase the sensitivity of this
approach, STRs should be selected from the distant part of the chromosomes to give
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Fig. 13.6 Informative genetic markers in the FMRI gene and flanking regions were studied in 68
female subjects. In all, 12 STRs/SNPs were studied, and the number of heterozygous ones in 57,
inside gene, and 3" regions were determined. All of the subjects were informative for at least four
markers. The number of subjects having the same number of informative genetic markers is shown
in the chart. Altogether, 65 subjects (96%) had at least two informative markers in both sides of the
FMRI gene (data not shown). The number of subjects who were informative for at least for two
markers in 5’ upstream, inside gene, and 3’ downstream region were 41+9=50, 17+32+1=50,
and 11+22+22+13=68, respectively. Percentages in parenthesis, such as 41(60%), indicates the
percentage of informative marker numbers in the three regions. Three subjects had only one infor-
mative marker on the 5’ side and inside the FMRI gene

enough distance between them for recombination to occur because only heterozygous
parts of the chromosomes provide both alleles of one parent (Rechitsky et al. 2004).

13.3.4.5 PGD by Linkage Analysis When Mutation Is Not Known

In some families, the mutation type of a known gene responsible for the clinical
symptoms cannot be studied by DNA analysis for several reasons. Linkage analysis
can be used to perform PGD if the haplotype of parents is known by using the genetic
markers’ data of the proband or other relatives. PGD with linkage analysis requires
a large collection of STRs/SNPs to increase the detection and accuracy level of
genetic testing (Fig. 13.6). For example, fragile-X syndrome can be studied for PGD
with linkage analysis without FMR1 gene testing (Fig. 13.7) (Ozen et al. 2005b).
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Fig. 13.7 PGD with linkage analysis was done using STR/SNP genetic markers. Three fragile-X
family pedigrees with haplotype information of STR/SNP genetic marker alleles are shown. The
order of genetic markers is given in the box. Allele information is given as basepair lengths of PCR
products detected in fragment analysis. Pedigree 1: The proband is a permutation carrier (inherited
the affected chromosome from a permutation carrier mother) and has nine informative markers.
Pedigree 2: The proband is a full mutation carrier (inherited the affected chromosome from a per-
mutation carrier mother who amplified the CGG repeats to the full mutation level) and has eight
informative markers. Pedigree 3: The proband is a permutation carrier (inherited the affected chro-
mosome from a transmitting man) and has nine informative markers

Some genetic disorders are caused by duplication of a chromosome region
harboring the gene responsible for the disease. For example, duplication of the
PMP22 gene is responsible for 70-80% of patients with Charcot-Marie-Tooth neu-
ropathy type 1A. A collection of STRs in this repeated region can be used to iden-
tify the chromosome that has a duplicated region.

13.4 HLA Typing by STRs

Human leukocyte antigen (HLA) alleles are on the major histocompatibilty com-
plex (MHC) region of chromosome 6. HLA typing of single cells for specific HLA
alleles has encountered various difficulties, including PCR setup problems for single
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MHC area (6p21) STR Haplotyping

0 O,

Father Mother
HLA STR
MARKERS Child 1 Child 2
1 D6S439 1 123 125 1 123 125 1 123 125 1127 125
2 D6SI6IS 2 127 125 ! 2 127123 ! 2 127123 ! 2 143 123 !
3 D6SIS6S 3 131 139 ! 3131 143 ! 3 0131143 ! 3 135 143 !
4 D6SI69 4 187 185 ! 4 187172 ! 4 187172 ! 4 189 172 !
5 D6SIS83 5 155 153 5 155 157 5155 157 5141 157
6 D6SIS60 6 155 155 6 155 164 6 155 164 6 145 164
7 RING 7155 169 7 155 159 7 155 159 7159 159
8 TAP-1 8 207 220 8 207 205 8 207 205 8 207 205
9 D6S2444 9 142 132 9 142 140 9 142 140 9 131 140
10 D6S2443 10 131 111 10 131 103 10 131 103 10 131 103
11 DQCAR 11 153 153 ! 11 153 161 ! 11 153161 ! 11 140 161 ! Class Il area
12 D6SI666 12 103 103 12 103 103 12 103 103 12103 103
13 LH 13 163 163 13 163 175 13 163 175 13 165 175
14 DN 14 188 188 14 188 193 14 188 193 14 203 193
15 D6SI6IS 15 131 137 ! 15 131 133 ! 15 131133 ¢ 15 127 133 !
16 9N2 16 131 125 ! 16 131 133 ! 16 131133 ' 16 125 133 !
17 D6S273 17 274 268 17 274 274 17 274 274 17 272 274
18 TNF-A 18 100 92 ! 18 100 109 ! 18 100 109 ! 18 92 109 !
19 TNE-B 19 128 130 ! 19 128 127 ! 19 128127 ' 19 124 127 ! Class lll area
20 TNF-D 20 120 128 20 120 126 20 120 126 20 128 126
21 62 21 197 199 ! 21 197 206 ! 21 197206 ! 21 187 206 !
2 MicA 2 133 135 ! 22 133 144 ! 2 133144 ! 22 135 144 !
23 MIB 23 124 124 23 124 106 23 124 106 23 106 106
24 D6S265 24 175 175 24 175 181 24 175 181 24 192 181
25 D6S510 25 148 148 25 148 163 25 148 163 25 159 163 Class | area
26 RF 26 277 277 26 286 286 26 286 286 26 286 286
27 MOG 27 128 115 ! 27 128 122 ! 27 128122 ! 27 120 122 !
28 MogA 28 130 126 ! 28 130 128 ! 28 130 128 ! 28 135 128 !
29 D6S258 29 175 158 ! 29 175 168 ! 29 175168 ! 29 158 168 !
30 D6S248 30 256 264 ! 30 256 280 ! 30 256280 ! 30 264 280 !
31 D6S306 31 104 108 ! 31 104 104 ! 31 104 104 ! 31 110 104 !
32 D6S276 32 143 131 ! 32 143 146 ! 32 143146 ! 32 117 146 !
33 D6S461 33 231 229 33 231 219 33 231 219 33 231 219

Fig. 13.8 HLA typing with linkage analysis using STRs. A total of 33 STRs collected in a major
histocompatibility region (MHC) covering classes I, II, and III region is shown with parental and
sibling alleles. Allele information is given as basepair lengths of PCR products detected by frag-
ment analysis. Child 1 and Child 2 are in need of bone marrow transplantation. In this family, STR
alleles are the same, indicating that parents gave the same chromosome 6 to each child. In the case
of having different chromosomes from their parents, each child would need an HLA-matched
embryo, although different ones, even though they are in the same family. Considering 33 markers
covering a large genomic segment, recombination may occur in different parts of the region which
would be revealed during PGD testing. If the child has one recombinant parental chromosome,
STR allele haplotyping of parents using this child will not reflect the real alignment of STR alleles
of the related parent. To detect this type of recombination events, other family members (grandpar-
ents or healthy children) should be included to the testing

cells and false-positive PGD results. Using a large STR collection covering the
MHC area and performing haplotyping analysis during the PGD helps to find
embryos having the same chromosome 6 region (and the same HLA alleles) as the
baby who is in need of bone marrow transplantation (Fig. 13.8) (Verlinsky et al.
2004). Fragment analysis of STRs for PGD testing to select HLA-matched and
HLA-nonmatched embryos is shown in Fig. 13.9 (Umay et al. 2009).
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Fig. 13.9 Selecting HLA matched and nonmatch embryos by STR analysis in the MHC region.
TNFA, D6S1568, and D6S1629 STR alleles of the affected child in need of bone marrow trans-
plantation are 100/110, 131/143, and 172/187 respectively. Embryo 1 has the same STR alleles as
the affected child, which makes this embryo a full HLA match for maternal and paternal chromo-
somes. Embryo 2 results match in only one allele, showing inheritance of one parental matched
chromosome and one mismatched chromosome. Embryo 1 should be used for embryo transfer if it
has a carrier or normal PGD results for the disease running in the family. If the affected child has
leukemia, this embryo is considered suitable for embryo transfer, expecting other genetic composi-
tions of the embryo to be different from those of the affected child, presumably affecting the clini-
cal picture

13.4.1 Interpretation of Polar Bodies 1 and 2
and Blastomere Analysis

The analysis of PB1 and PB2 is based on prediction of the oocyte genotype using
meiosis I and meiosis II segregation information. PB1 has a complete set of chro-
mosomes (2n) recombined in meiosis I. The genomic segment containing the tested
gene may be in a heterozygous or homozygous state depending on the position of
the recombination events taking part along the chromosome. When the gene is close
to telomere, there is more chance for recombination to occur and to be present in a
heterozygous state.

An oocyte is deduced to be normal in two combinations found by SPBA
(Fig. 13.10).



13 Clinical and Laboratory Aspects of Preimplantation Genetic Diagnosis... 187

g Cell Predicted
g Type STR1 |STR2|STR3 | Gene | STR4 |STRS|STR6 | Oocyte/Embryo | ET
* Genotype
PB1 120/158 | 115/103 | 215/207 | N/Mutation | 154/128 | 118/110 | 145/131
1 Oocyte: NORMAL YES
PB2 158 103 207 Mutation 128 110 131
PB1 158 103 207 Mutation 128 110 131
- Oocyte: NORMAL*
2 PB2 120 115 215 Normal 154 118 145 YES

Embryo: CARRIER

Blast | 168/120 | 117/115 | 207/215 | Mutation/N | 146/154 | apo/118 | 145/145
PB1 | 120/158 | 115/apo | 215/207 | N/Mutation | 154/apo | 118/110 | 145/131

3 | pB2 120 115 215 Normal 154 118 145 |Oocyte: AFFECTED |
- Embryo:AFFECTED
Mutation/

Mutation
PB1 120/158 | 115/103 | 215/207 | N/Mutation | /28/128 | 118/110 | 145/131

Blast | 168/158 |117/103| 207/207 146/128 |114/110 | 145/131

PB2 FA FA FA FA FA FA FA |Oocyte:Uninterpretable
4 Embryo: TRISOMY No
Blast | 147/ 103/ 203/ N 128/ 114/ 139/ |"mbryo:
ASU1 1207158 | 115/103 | 2157207 | NMutation | 154/128 | 118/110 | 145/131
FATHER | 168/140 |117/103 | 207/203 M\',‘;;::]'" 146/128 | 114/114 | 145/139 CARRIER
MOTHER | 120/158 |115/103 | 215/207 \};’:l‘:‘l’l’n 154/128 | 118/110 | 145/131 CARRIER
CHILD 168/158 | 117/103 | 207/207 \\14“:::?;‘/ 146/128 | 114/110 | 145/131 AFFECTED

N = Normal, FA = Failed PCR Amplification, ADO = Allele Drop Out, ET = Embryo Transer 123 = Same allele in both parents
* Homozygous PB 1 results might be followed by Blastomer Biopsy analysis (due to possible ADOs in PB 1)

Fig. 13.10 Sequential PB1/PB2 analysis (SPBA) and blastomere analysis report for PGD. Four
embryos are tested for a given gene with three STRs on both sides of the gene. Parental haplotypes
are built according to the genotype of the affected child. STR allele information (basepair length of
the PCR product in the fragment analysis) on the affected chromosomes are given in boldface. For
blastomere results, paternal allele information is written on the left and the maternal information
on the right. Results of shared alleles between the parents are written in italics and underlined.
Embryo 1: Heterozygous PB1 and affected PB2 combination gives a normal oocyte. No blastomere
biopsy is requested. and the embryo is found suitable for embryo transfer. Depending on the pater-
nal affected or normal chromosome contribution, the embryo will be carrier or normal, respec-
tively. Embryo 2: Homozygously affected PB1 and normal PB2 combination gives a normal oocyte.
Because of possible multiple ADOs in PB1 blastomere, a biopsy is requested. Blastomere analysis
confirms the SPBA results and indicates the presence of a normal maternal chromosome together
with an affected paternal chromosome. Embryo is diagnosed as a carrier and found suitable for
embryo transfer. Embryo 3: Heterozygous PB1 and normal PB2 combination produces an affected
oocyte. Blastomere biopsy is requested. Blastomere analysis confirms the SPBA results and indi-
cates the presence of an affected maternal chromosome together with an affected paternal chromo-
some. Embryo is diagnosed as affected and found not suitable for embryo transfer. Embryo 4:
Heterozygous PB1 and no PB2 results combination produces an uninterpretable oocyte. Failed
amplification of PB2 may be a PCR failure, or no chromosome is present due to a meiotic segrega-
tion error. Blastomere biopsy is requested. Blastomere analysis shows the presence of both mater-
nal chromosomes together with a normal paternal chromosome. Embryo is diagnosed as trisomic
and is found not suitable for embryo transfer



188 R.S. Ozen

* PBI is heterozygous, and PB2 has a mutated gene: Both mutated genes are
discarded to the polar bodies, one by one; and a normal gene is left in the
oocyte.

* PB1 is homozygously affected, and PB2 has a normal gene: Both mutated genes
are discarded to PB1; and a normal gene is present in PB2 and is the final state
of the oocyte.

Homozygous PB1 might be heterozygous with ADOs on the other chromosome,
which may lead to misdiagnosis. The chance of this type of misdiagnosis should be
considered when predicting the oocyte genotype. Inclusion of more STRs to the PB
testing can strengthen the sensitivity of the genetic test and lower the interference of
this kind of testing error in the reports. Even if the oocyte is deduced to be normal,
some PGD centers prefer to continue with blastomere analysis when PB1 is homozy-
gously affected and PB2 is normal.

Homozygous PB1 results might come from a sister chromatid instead of a chro-
mosome due to a meiosis I error. Depending on the segregation of chromosomes
in meiosis II, the resulting embryo may have trisomy of the related chromosome.

Blastomere analysis gives both parental contributions to the embryo. Having
prior SPBA information would be helpful for some embryos when the blastomere
results make it difficult to define the exact maternal contribution owing to the shared
STR alleles between parents.

13.4.2 Advantages of Haploid Genome Analysis

Haploid genome (PB2 and single sperm) analysis (HGA) has the advantages of
building the haplotype of parental chromosomes in families having a de novo muta-
tion or no pedigree information. In sequential PB1 and PB2 analyses, PB2 allows
defining which maternal chromosome is affected even if no linkage data are known
before the IVF cycle. This advantage of SPBA partly depends on the number of the
PB sets in a given IVF cycle and the informative value of the results. The paternal
haplotype of the couples with no linkage information can be found by single sperm
analysis (Figs. 13.11, 13.12) (Tur-Kaspa et al. 2004).

Additional information about the main copy of the gene and the genetic position
of the highly homologous second gene copy or pseudogene(s) can be obtained with
HGA (Ozen 2005a). The presence of a highly homologous copy of the gene or a
pseudogene(s) necessitates differentiation of the active gene status from other cop-
ies. Once this problem is overcome, the diagnostic value of PCR analysis may
become more reliable (Daniels et al. 2001). Since the presence or absence of a
pseudogene copy on chromosomes carrying an active or deleted one is known,
pseudogene detection may have a predictive value as it occurs in the SMN1 and
SMN?2 models. Genomic organization of SMN genes and flanking STRs are shown
in Fig. 13.13. SMN 1 and SMN2 differentiation by restriction enzymes is shown in
Fig. 13.14 (Ozen et al. 2003).
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sperm# | SO 600 de e AATGCTTC | D25331 | D2st279 | D2s2348 | D2s336 | D2s33 GENOTYPE

1 . . B . B . . No Results

2 A 878-890 del ACATTAATGCTTC 148 ADO 187 189 99 AFFECTED

3 - - - - - - - No Results

4 ADO 878-890 del ACATTAATGCTTC 148 155 187 185 97 an :;Zi:;ﬁ&anl
5 T NORMAL ADO 188 ADO 185 97 NORMAL

6 No Results

7 - - - - - - - No Results

8 A 878-890 del ACATTAATGCTTC 148 155 187 189 929 AFFECTED

9 NORMAL 139 188 183 185 97 NORMAL

10 T NORMAL 139 188 183 ADO 97 NORMAL

1" - - - - - - - No Results

12 ADO NORMAL 139 188 183 185 97 NORMAL

13 _ R R B R - - No Results

1 . R B B B B . No Results

15 T NORMAL 148 155 183 185 97 and';gfyﬂ?;?nan‘
16 B R R B R - - No Results

17 T NORMAL 139 188 183 185 97 NORMAL

18 T NORMAL ADO 188 183 189 929 and’;:?y':;}mm
19 - - - - - - - No Results

20 - - - - - - - No Results

21 A 878-890 del ACATTAATGCTTC 148 155 187 189 929 AFFECTED

22 A 878-890 del ACATTAATGCTTC 148 ADO 187 ADO 99 AFFECTED

2 _ _ B . B . . No Results

24 A 878-890 del ACATTAATGCTTC 148 155 187 189 929 AFFECTED

25 A 878-890 del ACATTAATGCTTC 148 155 187 189 99 AFFECTED

Fig. 13.11 Single sperm analysis of UGTAI gene 877 T/A and 878-890 del ACATTAATGCTTC
mutations with linked STRs. Single sperms obtained from the father are tested for UGTIAI gene
877 T/A and 878-890 del ACATTAATGCTTC mutations together with D2S331, D2S1279,
D2S2348, D2S336, and D2S338 STRs. Sperm numbers 2, 4, 8, 21, 22, 24, and 25 were found to
have mutation, whereas 5, 9, 10, 12, 15, 17, and 18 were wild type (normal). STR alleles corre-
sponding to these sperms revealed the haplotype of paternal chromosomes. Sperm numbers 1, 3, 6,
7,11, 13, 14, 16, 19, 20, and 23 showed failed PCR amplification or ambiguous results and were
taken into consideration. Sperm numbers 4, 8, and 18 were recombinant

A pedigree of a spinal muscular atrophy (SMA) family where the haplotyping of
parents is possible is shown in Fig. 13.15. Embryo transfer decision for SMA
requires detection of at least one normal SMNI allele in blastomeres or prediction
of the existence of maternal SMN1 retained in oocytes by SPBA. Combination of
single sperm analysis and SPBA of SMN1 and SMN2 together with linked STR
markers reduces the possible consideration of ADO or failed amplification interpre-
tation and provides the opportunity to differentiate carriers from normals (Figs. 13.16,
13.17, 13.18, 13.19). Possible combinations of PB2 results are shown in Fig. 13.20.

13.5 Chromosome Testing

Chromosome numerical and structural abnormalities are diagnosed with fluores-
cently labeled chromosome-specific probes using fluorescence in situ hybridization
(FISH). For chromosome analysis of translocations or other rearrangements, a blood
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CASE 1 STRs SMN
pneleipers D551556 D55610 D55351 EXON 7 EXON 8
11 (29%) ?/130 106 132 -/ SMN2 -/ SMN2
18 (47%) 124/134 102 126 SMNI | SMN2 SMNI /| SMN2
9 (24%) INCONCLUSIVE RESULTS
Peripheral Blood DNA | 124/134 // ?/130 102 /106 126 /132 I SMNI /| SMN2 I SMNI | SMN2
130 + Deletion or Deletion 106 132
or deletion Conversion to SMIN2 or 130
—————————————————————————————— | SMNI1 deleted Chromosome |
D5S1556 SMN2 SMNI D5S1556 D5S5610 D55351
| SMNI normal Chromosome ‘
124 or 134 + + 134 or 124 102 126
CASE 2 STRs SMN
Single Sperms D5S1556 D5S610 D5S351 EXON 7 EXON 8
15 (43%) ?/120 114 146 -/ SMN2 -/ SMN2
19 (54%) 132/ del 104 160 SMNI / - SMNI / -
1(3%) INCONCLUSIVE RESULTS
Peripheral Blood DNA | 132/ del // 120/? 104 /114 160/ 146 | SMNI1/ SMN2 | SMNI1 /| SMN2
120 + Deletion or Deletion 114 146
or deletion Conversion to SMN2 or 120
—————————————————————————————— | SMNI deleted Chromosome |
D551556 SMN2 SMNI D551556 D5S610 D5S8351
SMNI normal Chromosome
Deletion  Deletion + 132 104 160 (with SMN2 deleted)

Fig. 13.12 Single sperm analysis of exon 7 and exon 8 of the SMN gene and flanking STRs. In
single sperm haplotyping, both SMN gene and STR results were obtained for each chromosome
and then their chromosomal position was located. In case 1, results of 29 (76%) of 38 single
sperms were consistent with a haploid genome, and 9 (24%) gave inconclusive results resulting
from failed amplification of more than three loci or heterozygote results because of multiple
sperms in the same tube. SMN2 was found to be present at least as one copy on each chromosome.
D5S1556 alleles on normal chromosomes were 124 and 134, and their location on which SMN
gene promoter region (SMN1 or SMN2) cannot be determined by single sperm analysis. D5S1556
information on deleted (or SMN2 converted) chromosome is 130, where it may represent two cop-
ies located on both promoter regions or one intact copy on SMN2 and a deleted one on SMNI1. In
case 2, results of 34 (97%) of 35 single sperms were consistent with a haploid genome, and 1 (3%)
gave inconclusive results. SMN1 intact chromosome was found to have no copy of SMN2. SMN2
was present on SMNI1 deleted chromosome. As the extent of deletion is not known for the SMN2
gene, D5S1556 may represent one or two alleles on the SMN1 intact chromosome

sample from the individual carrying the trait is tested by the cytogenetics laboratory
to verify the changes and to test the ability of FISH probes to detect the changes.

In FISH experiments, because of overlapping of excitation and emission wave-
lengths of fluorophores, DNA probe cocktails can consist of only five differently
labeled probes. Using rehybridization cycles (two to three cycles), 10-12 chromo-
somes (e.g., X, Y, 13, 18, 21, 16, 17, 18, 15, 22) can be tested and nearly 70-90% of
aneuploidies can be detected (Griffin et al. 1991; Grifo et al. 1992; Munné et al.
1993; Colls et al. 2007; Munné et al. 2010).

To detect abnormalities for every pair of chromosomes there is a need for more
DNA templates to process and standardize techniques providing objective results.
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Fig. 13.13 Genomic organization of the SMN genes and flanking STRs. SMN is duplicated on
chromosome 5q11.2-13, giving two inverted copies expressing identical proteins. Both gene cop-
ies (SMNI1 telomeric copy and SMN2 centromeric copy) are >99% identical and a single nonpoly-
morphic nucleotide difference (C in SMN1; T in SMN?2) is responsible for the alternative splicing
patterns. D5S435 (proximal), D5S610 (distal), and D5S351(distal) STRs are single copy markers;
and D5S1556 (Agl-CA) is a multicopy dinucleotide marker located on the promoter region of both
SMNI1 and SMN2. Normal alleles may have multiple copies of SMN1 with or without SMN2.
Affected alleles include a lack of exon 7 of SMN1; the extent of deletion might include only exon
7 or the SMN1 gene together with other neighboring sequences. Gene conversion of SMN2 can
cause SMNI1 absence as well. Homozygous deletion of SMN1 exon 8 without a homozygous dele-
tion of SMN1 exon 7 does not constitute a disease allele. However, SMN1 exon 7 deletions are
usually with exon 8 deletions. For PGD, in addition to its involvement in deletion or conversion
mutation, exon 8 stands as the an important marker for SMN1 analysis. When interpreting the
results it has to be kept in mind that some hybrid SMN genes might have SMN2 exon 7 and SMN1
exon 8§ (or vice versa). As this hybrid gene may not be detectable at the DNA (from peripheral
blood) level, SMN exon 8 should be considered a marker more than a mutation

Whole genome amplification (WGA) protocols can provide enough DNA for
hybridization purposes. There are several WGA protocols using different approaches:
multiple displacement amplification (MDA) using Phi29-polymerase; the
Genomeplex system; degerate oligonucleotide primed (DOP)-PCR. Genome-wide
systems testing all chromosomes in a single blastomere to be used for embryo trans-
fer in the same IVF cycle use (1) comparative experiments (comparative genomic
hybridization, or CGH) on metaphase plates (Voullaire et al. 2000; Ozen et al. 2002;
Wells et al. 2008, 2009) or on BAC or oligonucleotide-based arrays or (2) the data
from SNP polymorphism transmission of IVF partners (both numbers and intensity)
on SNP arrays (Vanneste et al. 2009; Johnson et al. 2010). CGH is also possible for
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Fig. 13.14 SMNI1 and SMN2 differentiation by restriction enzymes. Single nucleotide differences
between exon 7 and exon 8 of SMNI and SMN2 were used to differentiate both copies. PCR
amplification involving exon 7 harbors a Hinf I site at the +6 nucleotide position in SMN1, where
C—T transition creates SMN2 allele and changes Hinf I site. Exon 8 nucleotide difference in
SMN?2 creates the Ddel digestion site (Daniels et al. 2001)
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Fig. 13.15 Pedigree of a spinal muscular atrophy family with parental haplotype information
obtained from siblings. A7SMN1: exon 7 deletion of SMN1; ASSMNI: exon 8 deletion of SMIN1.

Informative STRs, which can be used for PGD, are noted by

oy

on the right side of the alleles. In

this family, the maternal affected chromosome (harboring deleted SMN1) does not carry a D5S1556
allele, whereas the paternal affected chromosome carries two alleles
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Fig. 13.16 Normals (two copies of SMNI1) can be differentiated from carriers (one copy of
SMN1). Carrier A has one more SMN2 than carrier B
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Fig. 13.17 Normals (two copies of SMN1) can be differentiated from carriers (one copy of
SMN1). Carrier B has two more SMN?2 than carrier A
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Fig. 13.18 Normals (two copies of SMN1) can be differentiated from carriers (one copy of SMN1)
by the existence of SMN2
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Fig. 13.19 Normals (two copies of SMN1) can be differentiated from carriers
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Fig. 13.20 Possible combinations of PB2 results for SMN1 and SMN2. PB2 results for an SMN1
carrier mother can have four possible results. SMN1 positive or negative chromosomes might
harbor an SMN2 or not. SMN2 presence on each chromosome can be determined by the combina-
tion of PB2 results

blastocyst analysis when vitrification of the embryo is performed for later transfer
(Sher et al. 2009). Array technologies require bioinformatics software programs,
which run optimized algorithms for single cells developed by analysis of large num-
bers of samples.

13.6 Affected Embryonic Stem Cell Lines

Human embryonic stem cells (hESCs) are pluripotent cells derived from the inner
cell mass of blastocyst-stage preimplantation embryos (Thomson et al. 1998).
Embryos of poor quality or at the morula stage and single blastomeres are other
sources for hESC establishment (Mitalipova et al. 2003; Strelchenko et al. 2004;
Klimanskaya et al. 2007). Human ESCs are undifferentiated cells with the potential
to differentiate into three germ layers (endoderm, mesoderm, ectoderm) or tropho-
blasts (Reubinoff et al. 2000; Gerami-Naini et al. 2004). The hESC lines with dif-
ferent DNA content (normal, carrier, affected, and different polymorphic
combinations) will be needed in the future for research and clinical use with regen-
erative purposes. PGD is a valuable source of embryos to make hESC lines both
diseased and normal by using discarded and surplus embryos, respectively (Galat
et al. 2004; Kukharenko et al. 2004; Pickering et al. 2005; Verlinsky et al. 2005;
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Mateizel et al. 2006; Eiges et al. 2007; Peura et al. 2008; Tropel et al. 2010; Frumkin
et al. 2010; Bradley et al. 2011). PGD-tested embryos can be an alternative source
for normal euploid lines as well, possibly due to mosaic embryos having aneuploid
and euploid cells or in vitro selection in favor of euploid cells (Lavon et al. 2008;
Taei et al. 2010). PGD can also provide a selective advantage when choosing the
embryos to create hESC lines.

Affected hESC lines have great value in the study of certain disorders compared
to animal or cellular models. Animal models do not fully represent the monogenic
diseases or chromosomal disorders in humans due to differences at the developmen-
tal, anatomical, and gene expression levels; and there are some biochemical differ-
ences as well. However, affected hESC lines can serve as in vitro models for the
disease phenotype at both the molecular and cellular levels. Cell culture models
utilize fibroblasts or endothelial cells obtained from affected individuals and are
restricted to the availability of the desired cells to be biopsied. Thus, hESC lines
give us another option for nerve cell studies when cell biopsy is impossible. hESC
lines propagate indefinitely compared to the short lifetime of cell cultures, which
can be transformed for a long life-span but then have a cancerous nature and addi-
tional chromosomal anomalies.

The hESC lines might serve as a powerful tool for studying cell differentiation,
developmental biology (especially in the early stages of embryogenesis, including
X inactivation and gene switching mechanisms), cell replacement therapy of degen-
erative diseases, pharmacogenomic testing (Stephenson et al. 2009), and gene ther-
apy experiments. The negative effects of chromosome numerical abnormalities on
cell viability and cancer multi-step processes can be studied with hESC lines.

Many hESC line banks (e.g., diseased lines with some certain polymorphisms,
different HLA haplotypes) will be needed in the future, organizing “hESC working
groups,” which would bring nationwide and international institutions together,
would allow more researchers and clinicians to contribute to expanding the sample
types and developing possible future usage.
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Chapter 14

New Treatment Modalities by Disease-Specific
and Patient-Specific Induced Pluripotent
Stem Cells

Sibel Yildirim

Abstract The broadly accepted and deeply rooted belief in developmental biology
was that terminally differentiated cells had lost the potential to produce other cell
types. In 2006, however, mouse somatic cells were reprogrammed as induced
pluripotent stem (iPS) cells that resembled embryonic stem cells. This therapeutic
promise is being challenged by thousand of researchers worldwide to understand
the ability of these cells to reverse biological clocks. Utilizing both “forward” and
“reverse” genetic approaches with the aid of iPS cells offers exciting prospects for
dissecting molecular mechanisms of commitment and differentiation in a cell lin-
eage. This discovery will help clarify our understanding of the rewired regulatory
networks active in somatic and pluripotent cells.

14.1 Introduction

During development, there is a gradual loss of differentiative potency, proceeding
from totipotency to pluripotency and multipotency, in committed cell lineages
toward terminal differentiation (Hemberger et al. 2009). The theory was broadly
accepted and deeply rooted for many years in developmental biology that once a
cell has terminally differentiated and become lineage-committed, it loses the poten-
tial to produce other cell types. However, the field was surprised when Takashi and
Yamanaka (2006) reprogrammed mouse somatic cells into “induced pluripotent
stem (iPS) cells” by the viral expression of four transcription factors: OCT4, SOX2,
KLF4, c-MYC. Thus, today many belief systems in biology are shifting to accept
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Fig. 14.1 In Waddington’s
landscape, the ball represents
a totipotent fertilized egg.

It will differentiate into
various lineages while it
rolls down the valley
(Waddington 1957)

il ﬂ!;ﬂ;ﬂ )

that a mature body cell can be reverted to an embryonic state without the help of
eggs or embryos. In their changed identities, iPS cells are now ready to participate
as exciting alternatives in the fields of disease pathogenesis, drug discovery, oncol-
ogy, and cell transplantation. Since 2006, this therapeutic promise is being explored
by hundred of researchers worldwide to understand the ability of these cells to
reverse the biological clock.

During the late 1950s, Waddington (1959) introduced the term epigenetics to
describe the unfolding of the development of the genetic program. To Waddington,
epigenetics was not very different from embryology, but it was a theory of develop-
ment proposing that the early embryo was undifferentiated but it was changed by
epigenetics (Waddington 1959). His epigenetic landscape is a metaphor used to
represent the way that developmental decisions are made. One common metaphor
was of a ball placed on a landscape, where the shape of the landscape “attracts” the
ball so it is more likely to follow certain channels and end up in certain places
(Fig. 14.1). These lowest points represent the eventual fates of cells (i.e., the tissue
types they form). According to this theory, cells in the embryo would evolve accord-
ing to the same laws, but because of the existence of inducing signals cells in differ-
ent regions would follow different pathways and end up at different attractors, which
can be elegantly associated with different states of terminal differentiation. Once in
its final valley, the ball cannot easily cross the mountain into neighboring valleys or
return to the beginning (Waddington and Robertson 1966; Slack 2002).

However, the recent groundbreaking reversion of this assumingly and poten-
tially irreversible developmental process by the derivation of mouse iPS cells from
adult dermal fibroblasts (Takahashi and Yamanaka 2006) has surprised many cell
biologists. Since the nuclear transfer (NT) experiments showed that the nucleus of
most, if not all, adult cells retains nuclear plasticity and can be rebooted to an
embryonic state (Byrne et al. 2007), Takahashi and Yamanaka (2006) showed that
overexpression of defined transcription factors can also convert cells (or nuclei) to
the pluripotent state. In this first report, they reprogrammed mouse fibroblasts
through retroviral transduction with 24 transcription factors that are highly
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expressed in embryonic stem cells (ESCs). The combination of genes was gradu-
ally reduced to four transcription factors: octamer 3/4 (Oct4), SRY box-containing
gene 2 (Sox2), Kruppel-like factor 4 (K1f4), and c-Myc (Takahashi and Yamanaka
2006). The cells were selected because of their ability to express the gene F-box
protein 15 (Fbx15) and were similar to ESCs in morphology, growth properties,
and ability to form teratomas in immunodeficient mice. They differed in terms of
global gene expression profiles and certain DNA methylation patterns, and they
failed to produce adult chimeric mice. With the improved endpoints for the repro-
gramming process, the resulting iPS cells were even more similar to ESCs and
could contribute to adult chimeras (Okita et al. 2007). After a year, human fibro-
blasts were reprogrammed with the same transcription factor genes (Takahashi
et al. 2007; Wernig et al. 2007; Yu et al. 2007; Park et al. 2008a). Subsequently,
several groups independently replicated the reprogramming of human fetal, neona-
tal, and adult somatic cells into iPS cells (Takahashi et al. 2007; Aasen et al. 2008;
Lowry et al. 2008; Park et al. 2008a, b). Sophisticated techniques for making and
testing iPS cells have advanced rapidly over the past few years, and finally iPS
cells were obtained from patients suffering from the neurodegenerative disease
amyotrophic lateral sclerosis (Ralston and Rossant 2010; Dimos et al. 2008) as
well as patients with other diseases, including juvenile onset type 1 diabetes
mellitus, Parkinson’s disease (PD) (Park et al. 2008c), and spinal muscular atrophy
(SMA) (Ebert, Yu et al. 2009).

14.2 Modeling Human Diseases ‘in a Dish”

The main idea for therapeutic approaches by iPS cells at the beginning was the fact
that patient-specific iPS cells provide important information for inherited human
disorders because pluripotent stem cells are capable of differentiating into most, if
not all, cell types. This idea is deeply reliant on the studies of directed differentia-
tion of subtypes and genetically defined ESCs from animal models (Gearhart 1998).
Moreover, human ESC biology has been pursuing the generation of mutant human
ESC lines as disease models since Thomson et al. (Thomson et al. 1998) derived
human ESC lines in 1998. With the known disease-associated genetic loci and
explicit disease phenotype, genetically modified human ESCs are being explored
for use in cell replacement therapy and for modeling human diseases (Saha and
Jaenisch 2009).

However, the use of ESCs has several limitations, not only in regard to political,
religious, ethical, and moral concerns about the need to destroy human embryos but
also the inefficiency of the methods used to generate genetically modified human
ESCs. For example, human ESC generation via preimplantation genetic diagnosis
(PGD) embryos is available for only a limited number of diseases, and lack of
proper techniques is still challenging to human ESC genetic modifications. Also,
only a few monogenic diseases are detectable via PGD, and there is no consistency
between the severity and clinical symptoms of those diseases from patient to patient
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due to variable penetrance (Colman and Dreesen 2009). Other alternatives, such as
generating individual pluripotent stem cells by NT, cell fusion with ESCs, or treat-
ment with extracts of pluripotent cells are highly restrictive for several reasons, and
there are still only a few diseases that have been explored in these ways (Wakayama
et al. 2001; Cowan et al. 2005; Taranger et al. 2005).

The other alternative—animal models for human diseases—have been used for
decades. However, they also have limitations such as showing no or only an approx-
imate resemblance to the human disease, differences in physiology and anatomy
between animals and humans, no mirroring for cognitive or behavioral defects of
neurological diseases, and the different genetic backgrounds of animals and humans
in terms of the resulting phenotype of disease-associated mutations (Colman and
Dreesen 2009; Saha and Jaenisch 2009).

To overcome these drawbacks, iPS cells offer disease- and patient-specific cells
with knowledge of the clinical history of the donor, and they can be made with cells
taken from persons of all ages, even elderly patients with chronic disease (Dimos
et al. 2008). Although there are still many challenges regarding their identity, a
couple reports are available for an overview of a disease phenotype in vitro (Ebert
et al. 2009; Lee et al. 2009; Raya et al. 2009; Ye et al. 2009b). Because human ESC
lines display variable outcomes in regard to differentiation into specific lineages
(Osafune et al. 2008), multiple iPS cell lines generated from a single patient are
favored because they have an identical genetic background.

14.3 Disease-Specific iPS Cells

Disease-specific iPS cells have been generated from individuals with such disorders
as neurodegenerative disease, including ALS (Dimos et al. 2008), Parkinson’s dis-
ease (Soldner et al. 2009), SMA (Ebert et al. 2009), familial dysautonomia (Lee
et al. 2009), and inherited diseases, including adenosine deaminase deficiency-
related severe combined immunodeficiency, Shwachman-Bodian-Diamond syn-
drome, Gaucher’s disease type III, Duchenne and Becker muscular dystrophy,
Huntington’s disease, juvenile-onset type 1 diabetes mellitus, Down syndrome/tri-
somy 21, the carrier state of Lesch-Nyhan syndrome (Park et al. 2008c¢), and Fanconi
anemia (Raya et al. 2009) (Table 14.1).

Saha and Jaenisch (2009) have reported existing human iPS cell lines from sev-
eral diseases. According to their classification there are many disease-specific iPS
cell lines available. Specific iPS cells are available for familial neurodegenerative
diseases such as dysautonomia (Lee et al. 2009), SMA type 1 (Ebert et al. 2009),
Huntington’s disease (Park et al. 2008¢c), ALS (Dimos et al. 2008); from sporadic
neurodegenerative diseases such as Parkinson’s disease (Park et al. 2008a; Soldner
et al. 2009); and from the neurodevelopmental disease group such as Rett syndrome
(Hotta et al. 2009) and Down syndrome (Park et al. 2008a). Although nothing has
been published on neurobehavioral/physiological disease-specific human iPS cells
for hematologicaly/oncological or endocrinological diseases, several human iPS cell
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lines have been generated, including those for B-thalassemia (Ye et al. 2009a),
Fanconi anemia (Raya et al. 2009), myeloproliferative disorders (Ye et al. 2009b),
and juvenile diabetes mellitus (Park et al. 2008c; Maehr et al. 2009; Zhang et al.
2009a) (Table 14.1).

14.3.1 Choosing Cell Sources

To generate patient-specific iPS cells, the first step is derivation of human iPS cells
from somatic cells of a patient. iPS cells can be created with cells taken from patients
of all ages with full medical records. There are more than 5000 known genetic dis-
eases, whether simple or complex (Colman and Dreesen 2009). There are human
tissues available with no ethical or surgical concerns, although they are limited.
Those tissues include fat (Sun et al. 2009), blood (Ye et al. 2009b), biopsy speci-
mens, skin, plugged hair (Aasen et al. 2008), and extracted teeth (Aasen et al. 2008;
Sun et al. 2009; Ye et al. 2009b; Yan et al. 2010). Thus far in humans, skin fibro-
blasts and bone marrow mesenchymal cells (Takahashi et al. 2007; Yu et al. 2007;
Huangfu et al. 2008), keratinocytes (Aasen et al. 2008; Maherali et al. 2008), periph-
eral blood cells (Loh et al. 2009; Ye et al. 2009b), melanocytes (Utikal et al. 2009),
neural stem cells (Kim et al. 2009b), amniotic fluid-derived cells (Li et al. 2009),
adipose stem cells from lipoaspirate (Sun et al. 2009), dental stem cells (Tamaoki
et al. 2010; Yan et al. 2010), and mesenchymal stem cells from umbilical cord
matrix and amniotic membrane (Cai et al. 2010) have been used for reprogramming.
Frozen banked tissues and cell lines can also be used, although there is often very
little clinical information on the specific donor (Colman and Dreesen 2009).

Because most disease phenotypes are observed only in differentiated cells, for
many diseases only iPS cell generation can provide a source for pluripotency.
Monogenic diseases are the most fruitful targets because the gene and often its
product are known (Colman and Dreesen 2009). Extending this experimental para-
digm to diseases with either unknown or more complex, multifactorial phenotypes
or diseases, and to model disease with a long latency such as Alzheimer’s or
Parkinson’s disease, would be challenging (Colman and Dreesen 2009). For dis-
eases that exhibit a late onset in humans, the kinetics of the disease pathology can
be stimulated in the cell culture dish by exposing the cells to in vitro experimental
stress (e.g., serum starvation, oxygen reduction, heat shock) (Saha and Jaenisch
2009). On the other hand, Colman and Dreesen (2009) emphasized that “late onset”
does not reflect subclinical developments that may occur much earlier and may be
captured by the in vitro methodology.

It is obvious that the disease pattern directs us to alternatives for donor cell type.
As the detection of mutations in diseases such as SMA is possible in all of the cell types
of the patient, skin biopsies provide readily accessible donor cells. On the other hand,
a heterozygous genotype of most of the hematopoietic disorders can be detected only
in particular progenitors. Hence, those progenitors should be chosen as cell sources for
reprogramming (Ebert et al. 2009; Saha and Jaenisch 2009; Ye et al. 2009b).
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Recent reports about persistent epigenetic imprinting in iPS cells (Kim et al.
2010; Polo et al. 2010) provides an opportunity to research sporadic and multifacto-
rial diseases. Especially for diseases that have a combination of genetic and envi-
ronmental factors, persistent epigenetic memory would be advantageous. In those
diseases, any epigenetic alterations would be studied via iPS cells carrying parental
imprinting. The cells derived from patients suffering the same disease but living in
different geographical regions could give us important clues for environmental fac-
tors, such as toxic metals and pesticides, lifestyles, and dietary habits, which may
have an effect on the epigenome and reflect risk factors (Jaenisch and Bird 2003).
Lastly, for non-cell-autonomous diseases, possible success with one cell type may
affect the other pathological mediators (Colman and Dreesen 2009).

Although it is still unclear whether any of the iPS cell lines can be used for future
cell therapy, it should be quite useful to establish clinical-grade iPS cell banks with
a sufficient repertoire of HLA types. Nakatsuji (2010) estimated that a collection of
unique iPS cell lines with homozygous alleles of the three HLA loci (A, B, DR)
would enable full matching for 80-90% of the Japanese population with a perfect
match of these three loci. In addition, Tamaoki et al. (2010) attempted to use dental
pulp stem cells to generate iPS banking with a sufficient repertoire of HLA types.
They also reported the possibility of identifying homozygous donors for human iPS
cell lines for the construction of such HLA-type banking. The practical isolation
and handling of dental pulp cells may make it easy to expand the size of the bank in
multiple institutions and even establish a number of iPS cell lines homozygous for
the three HLA loci (Tamaoki et al. 2010).

14.3.2 Reprogramming

The current methods used to generate iPS cells utilize retroviral/lentiviral, adenoviral,
plasmid, protein delivery of transcription factors (Wang et al. 2010). The methods,
which use nonintegrating vectors, excisable genetic elements, and small chemicals
and/or proteins, leave no genetic footprint (Feng et al. 2009; Yu et al. 2009; Kim
et al. 2009a). Those methods for iPS generation reveal the inherent robustness of
this process. Yet, there are two main unresolved drawbacks: low efficiency and
genomic integration. Residual transgene expression or later reactivation of exoge-
nously applied transcription factors could cause tumor formation at an alarming rate
(Okita et al. 2007; Miura et al. 2009). Incomplete transgene silencing also compro-
mises the differentiation of iPS cells (Brambrink et al. 2008). To minimize the risk
of chromosomal disruptions, reprogramming protocols are refined to eliminate
genetic integration. Moreover, reprogramming efficiencies have been enhanced by
supplementing defined factors with additional genes or small chemicals (for detailed
information refer to the provided references) (Masip et al. 2010; Wang et al. 2010).
Using fewer transcription factors omitting oncogenes (KLF4 and c-MYC)
(Nakagawa et al. 2008; Utikal et al. 2009; Kim et al. 2009b) or replacing one or two
transcription factors with small chemicals such as VPA (a histone deacetylase inhibitor)
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(Huangfu et al. 2008), SB431542, and pd0325901 [inactivators of the respective
receptors for transforming growth factor B (TGFf) and MEK-ERK pathways] in
combination with thiazovivin (Lin et al. 2009) and vitamin C (Esteban et al. 2010)
not only offers safer clinical potential but also significantly enhances the efficiency
of deriving iPS cells. More recently iPS cells from human fibroblasts were success-
fully derived utilizing adenoviral or sendai viral gene delivery systems without viral
or transgene integration (Fusaki et al. 2009; Zhou and Freed 2009). Another virus-
free method utilizing oriP/EBNA1 (Epstein-Barr nuclear antigen-1)-based episomal
vectors and a piggyBac-based single vector reprogramming system have been used
successfully for reprogramming human fibroblasts (Kaji et al. 2009; Yu et al. 2009).
Moreover, reprogramming cells with proteins of four factors also offers efficient
reprogramming (Zhou et al. 2009; Kim et al. 2009a).

In a recent report, Bhutani et al. (2010) provided new insights into the mecha-
nisms regulating the path to pluripotency by demonstrating rapid, efficient induc-
tion of pluripotency-associated genes in human fibroblasts after fusion to mouse
ESCs and the perturbation of this induction when a candidate factor (activation-
induced cytidine deaminase, or AID) is disrupted. The latest reports also suggest
NT is not only more effective at establishing the ground state of pluripotency but
also safer (in terms of erasing epigenetic memory) than factor-based reprogram-
ming (Kim et al. 2010).

More recently Warren et al. (2010) showed efficient reprogramming using syn-
thetic modified mRNA, which does not modify the genome. Although the protocol
is technically complex because the technology is RNA-based, it completely elimi-
nates the risk of genomic integration and insertional mutagenesis inherent in all
DNA-based methodologies.

Although reprogramming factors reset the cellular phenotype from the inside, it
clearly also requires extrinsic signals provided by the ESC culture conditions. These
conditions include growth factors, cytokines, and other signals provided by the cell
culture medium, fetal bovine serum, and feeder cells. How extrinsic signals are
integrated with intrinsically acting factors is not entirely clear but is an active area
of investigation (Ralston and Rossant 2010).

14.3.3 Characterization of the iPS Cell Lines

The generation of patient/disease-specific iPS cells follows standard methods. In
brief, target cells are infected with a reprogramming system carrying reprogram-
ming factors. After several days, infected cells are trypsinized and replated onto
feeder layer cells, and the medium is replaced with standard human ESC cell
medium the next day and changed every day thereafter. When human ESC-like
colonies appear, they are picked mechanically or selected by drug-inducing systems
and are passaged. Pluripotency is then evaluated according to the similarity of puta-
tive iPS cells to ESCs. To confirm proper and complete reprogramming, the activity
of the cell cycle profile, maintenance of the normal karyotype, alkaline phosphatase
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activity, and expression of several ESC-associated antigens (e.g., SSEA-3, SSEA-4,
TRA1-81, Nanog), down-regulation or lack of immunreactivity against parental
cell-specific factors (e.g., fibroblast-associated antigen TE-7), expression of pluri-
potency genes (REX1/ZFP42, FOXD3, TERT, NANOG, CRIPTO/TDGF) should
be checked. Moreover, the stem cell marker genes SOX2 and OCT4 should not be
expressed in the patient donor cells, whereas the endogenous loci in the putative iPS
cells should become activated to levels similar to those in ESCs (Maherali and
Hochedlinger 2008). To achieve differentiated lineage-specific cells, embryoid bod-
ies (EBs) are generally created as a first step by aggregating or placing clumps of
iPS cells in suspension culture. The resulting EBs are plated onto plastic gelatin-
coated dishes and allowed to attach for the outgrowth culture. Thereafter, iPS cell
lines spontaneously differentiate into cell types representative of the three embry-
onic germ layers (Maherali and Hochedlinger 2008).

Although EB formation shows the in vitro differentiation capacity of iPS cells to
have three germ layers, the differentiation capacity should also be assessed by tera-
toma formation assay in vivo. Immunocytochemistry analyses can be used to detect
expression of smooth muscle a-actin (a-SMA), desmin, and vimentin for meso-
derm, a-fetoprotein (AFP) for endoderm, glia fibrillary acidic protein (GFAP) and
BII-tubulin for ectoderm markers. To determine pluripotency in vivo, iPS cells
should be injected into immunocompromised NOD-SCID mice. Histological analy-
ses of the resulting teratomas should show cell types representative of the three
germ layers, including, for example, pigmented cells for ectodermal differentiation;
lung, respiratory, and gut-like epithelia for endodermal differentiation; and mesen-
chyme, adipose tissue, and cartilage for mesodermal differentiation (Carvajal-
Vergara et al. 2010).

Although criteria and standards are important to allow cross-laboratory data
comparisons, the proposed stringent criteria may not be fully required for applica-
tions in which reprogrammed human cell lines are used to model disease processes
in vitro or to screen for novel drugs or drug toxicity (Ellis et al. 2009). Whereas
germline competence after chimera formation offers the most stringent functional
criteria for mouse iPS cells, teratoma formation in immunodeficient mice seems to
be acceptable so far for human iPS cells (Daley et al. 2009). Moreover, because cur-
rent teratoma assays are qualitative in nature, full quantitative assessment of differ-
entiation capacity of generated cell lines could rapidly allow whether those lines
retain the capacity for differentiation into three germ layers or have restricted dif-
ferentiation capacity, even with the lines that fail at the functional level of forming
a teratoma. One group of researchers agrees that the most desirable iPS cells to use
for transplantation might be those that do not form teratomas in vivo but retain the
capacity to differentiate to desired cell types in vitro. They proposed that this pos-
sibility can be determined only if non-teratoma-forming iPS cell lines are fully stud-
ied in vitro (Ellis et al. 2009).

It was unclear whether reprogramming female human cells reactivates the inactive
X chromosome, as in the mouse. It has been shown that human iPS cells derived
from several female fibroblasts carry an inactive X chromosome, in contrast to
mouse iPS cells, which carry two active X chromosomes. Although those data indicate
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that reversal of X chromosome inactivation is not required for human cell programming,
the implication is that X chromosome inactivation should be taken into consider-
ation for the use of female iPS cells with devastating X-linked genetic diseases,
such as fragile X syndrome (mutation in FMR]I), a-thalassemia (ATRX), Rett syn-
drome (MECP?2), Coffin-Lowry syndrome (RSK2), DMD, Lesch-Nyhan syndrome
(HPRT), and Wiskott-Aldrich syndrome (WASP) (Tchieu et al. 2010).

14.3.4 Characterization of Genetic Mutation

The generation of iPS cells from patients with a variety of genetic diseases offers an
opportunity to recapitulate both normal and pathological human tissue formation
in vitro. It hence provides a tool for investigating disease pathology. If the cells
taken from patients having classic mendelian inherited disorders, point mutations in
known genes essential for the given function, molecular mutation analysis such as
karyotyping, and fingerprinting analysis should be carried out (Park et al. 2008c).

To verify that the patient-specific iPS cell lines are genetically matched to the
donor cells, DNA fingerprinting analysis of the iPS cell lines and the donor cells
from which they were derived should be done. Additionally, direct sequencing and
an allele-specific restriction fragment length polymorphism should be used to com-
pare the genotype of the iPS cell line with that of the donated host cells. Furthermore,
polymerase chain reaction (PCR) analysis of genomic DNA from iPS cell lines can
reveal if they carry integrated copies of the transgenes that have been transduced
(Dimos et al. 2008).

14.3.5 Differentiation of Obtained iPS Cells
to Desired Cell Types

Beginning with the first cell lineage decisions, gene expression and mutual interac-
tions between lineage-determining transcription factors with antagonizing functions
show stochasticity (Hemberger et al. 2009). The orchestrating role of the gene regu-
latory network points out biological patterns for differentiation. To date, ESC stud-
ies have mostly focused on the derivation of subsets of tissue-specific cell
populations. Thus, lineage-specific differentiation of murine and human ESCs has
been shown as a powerful tool for studying early embryonic events and lineage
restriction for generating an unlimited cellular supply for cell therapies and tissue
engineering. To produce either progenitors or more mature cells, various exogenous
factors were applied in a sequence and time course that is highly reminiscent of
normal development.

Much of the hope invested in patient-specific stem cells is based on the assump-
tion that it will be possible to differentiate them into disease-relevant cell types. To
differentiate desired cell types in the mixed population of differentiating ESCs,



14 New Treatment Modalities by Disease-Specific and Patient-Specific... 211

there are several well-established stem cell differentiation protocols mimicking the
proper timeline of normal human organogenesis. There are many well-established
protocols used for studying hematopoietic, endothelial, osteoblastic, osteoclastic
(Tsuneto et al. 2003; Kawaguchi et al. 2005; Grigoriadis et al. 2010), cardiac (Arbel
et al. 2010), neural commitment (Ying and Smith 2003), pancreatic (Banerjee et al.
2011), hepatic (Gerbal-Chaloin et al. 2010), chondrogenic, and adipogenic
(Wdziekonski et al. 2003) differentiation. Moreover, cell fate specification and mat-
uration can be selectively altered via manipulation of endogenous developmental
signaling pathways (Rathjen and Rathjen 2003; Meyer et al. 2009). The ability to
differentiate iPS cells in vitro to specific lineages efficiently and reproducibly has
been achieved using those described protocols with certain modifications (Dimos
et al. 2008; Narazaki et al. 2008; Tateishi et al. 2008; Wernig et al. 2008; Ebert et al.
2009; Hu and Zhang 2009; Jin et al. 2009; Karumbayaram et al. 2009; Pfannkuche
et al. 2009; Senju et al. 2009; Tanaka et al. 2009; Taura et al. 2009b; Zhang et al.
2009b; Carvajal-Vergara et al. 2010; Comyn et al. 2010; Dick et al. 2010; Gamm
and Meyer 2010; Huang et al. 2010; Kaichi et al. 2010; Lamba et al. 2010; Lee et al.
2010; Martinez-Fernandez et al. 2010; Parameswaran et al. 2010; Swistowski et al.
2010; Teramura et al. 2010; Zhou et al. 2010).

There are many typical examples for directed differentiation of iPS cells to the
cell types influenced by the disease (Tateishi et al. 2008; Meyer et al. 2009;
Grigoriadis et al. 2010). In these studies, the researchers showed that it is possible
to generate and fine-tune desired lineages from human somatic cells. In brief, after
creating EBs from generated iPS cells, chemically defined differentiation media
were used to promote the stepwise production of organ-specific cell types. Using a
targeted, stepwise differentiation process that follows a normal developmental time-
line, the researchers modeled cell and/or organ development with human iPS cells
(Ueda et al. 2010).

Differentiation should be confirmed by showing the expression of transcription
factors or surface markers. The function of those differentiated cells are the last
point for evaluation (Dimos et al. 2008). Dimos et al. (2008) demonstrated that skin
cells from patients with amyotrophic lateral sclerosis could be reprogrammed and
subsequently differentiated into disease-free motor neurons. Also of note, Ebert
et al. (2009) created iPS cells from the fibroblasts of a SMA patient and his unaf-
fected mother. They were the first to demonstrate a preserved patient-specific dis-
ease phenotype in motor neurons generated from fibroblast iPS cells. Treatment of
these cells in vitro with valproic acid and tobramycin led to up-regulation of sur-
vival motor neuron protein synthesis and revealed selective deficits when compared
with normal motor neurons.

Today, many iPS cell lines that were directed into differentiated functional cell
types are available. Examples are auditory retinal cells (Jin et al. 2009; Comyn et al.
2010; Lamba et al. 2010; Parameswaran et al. 2010), cardiomyocytes (Narazaki
et al. 2008; Pfannkuche et al. 2009; Tanaka et al. 2009; Zhang et al. 2009b; Carvajal-
Vergara et al. 2010; Kaichi et al. 2010; Martinez-Fernandez et al. 2010), insulin-
secreting islet-like clusters (Tateishi et al. 2008), motor neurons (Dimos et al. 2008;
Ebert et al. 2009; Hu and Zhang 2009; Karumbayaram et al. 2009), dopaminergic
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neurons (Wernig et al. 2008; Cai et al. 2010; Swistowski et al. 2010), auditory spinal
ganglion neurons (Nishimura et al. 2009), smooth muscle cells (Taura et al. 2009b;
Xie et al. 2009), vascular endothelial cells (Taura et al. 2009b), dendritic cells and
macrophages (Senju et al. 2009, 2010), adipocytes (Tashiro et al. 2009; Taura et al.
2009a), osteoblasts (Tashiro et al. 2009), hematopoietic cells (Hanna et al. 2007,
Eminli et al. 2009; Kaufman 2009; Lu et al. 2009; Okabe et al. 2009; Raya et al.
2009; Kaneko et al. 2010), and endothelial progenitor cells (Xu et al. 2009; Abaci
et al. 2010; Alipio et al. 2010; Ho et al. 2010; Homma et al. 2010).

Hanna et al. (2007) showed that differentiated iPS cells can be used to rescue
organ function in a humanized mouse model of sickle cell anemia. Also, several
other groups demonstrated the therapeutic potential of iPS cells, both alone and in
combination with genetic corrective therapy. The study included the generation of
disease-free hematopoietic progenitors from keratinocytes obtained from patients
with Fanconi anemia (Raya et al. 2009), correction of hemophilia in mice using iPS
cell-derived endothelial progenitors (Xu et al. 2009), and multilineage functional
repair of diseased heart tissue in immunocompetent mice using undifferentiated iPS
cells (Nelson et al. 2009). Finally, functional dopamine neurons were generated
from reprogrammed mouse fibroblasts, and transplantation of these neurons restored
dopamine function when grafted in parkinsonian rats (Wernig et al. 2008).

To determine if any observations obtained from derived iPS cells are specific to
a given cell line or to pluripotency, healthy wild-type controls should be used.
Although established human ESC or iPS cell lines can be used for this purpose, an
additional panel of lines derived from the same patient or unrelated patients suffer-
ing from the same disease would give valuable information. On the other hand, for
single-gene diseases, genetically modified iPS cells could represent an ideal isogenic
control (Colman and Dreesen 2009; Saha and Jaenisch 2009).

Utilizing both “forward” and “reverse” genetic approaches with the aid of iPS
cells offers exciting prospects for dissecting molecular mechanisms of commitment
and differentiation in a cell lineage. These approaches will help clarify our under-
standing of rewiring regulatory networks active in somatic and pluripotent cells
(Hemberger et al. 2009; Huang 2009; Saha and Jaenisch 2009). Future work should
focus on finding out when and how the lineage-specific genetic and epigenetic
markers arise.

14.4 Similarities and Differences Between iPS
and Embryonic Stem Cells

The characteristics of somatic cells are limited proliferation, methylation of pluripo-
tency genes, tissue-specific cell morphology, inactivation of the X chromosome, an
active G, cell cycle checkpoint, and expression of somatic cell-specific markers. On
the other hand, pluripotent cells robustly show self-renewal, ESC morphology, reacti-
vation of pluripotency genes by demethylation, X chromosome reactivation in female
cells, telomerase activity, and loss of the G, checkpoint (Cox and Rizzino 2010).
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Although a number of studies have clearly shown that iPS cells are quite similar to
ESCs (Mikkelsen et al. 2008; Okita et al. 2008; Soldner et al. 2009), the degree of
transcriptional similarity between ESCs and iPS cells is still not completely eluci-
dated. It was recently demonstrated that gene expression signatures of virally pro-
grammed iPS cells are distinguished from those of ES cells (Lowry et al. 2008;
Mabherali et al. 2008; Chin et al. 2009; Soldner et al. 2009). However, human iPS
cells generated without viral vectors or genomic insertions displayed retained poten-
tial transcriptional signatures (Marchetto et al. 2009). Wang et al. (2010) compared
transcriptomes of fibroblasts, partially reprogrammed iPS cells, ESCs, and iPS cells
using microarray data. They concluded that most of the reprogrammed iPS cell lines
were similar to ESC lines. Especially, the transcriptomes of the iPS cells derived by
episomal-based nonintegrating plasmids (Yu et al. 2009), unlike that of retroviral-
derived iPS cells (Lowry et al. 2008; Maherali et al. 2008; Chin et al. 2009; Soldner
et al. 2009), were much closer to that of ESCs (Wang et al. 2010). Moreover, the
extent of overlapping implemented in the microarray platform was determined
showing that ESCs and iPS cells express 2390 common genes, with only 684 and
249 genes expressed exclusively in iPS or ES cells, respectively. In general, iPS
cells share more genes in common with the fibroblasts from which they were derived
(Wang et al. 2010).

Given that the reprogramming process is expected to remove any epigenetic
alterations associated with the original cells (e.g., NT cells and ESCs), which have
reportedly faithfully erased any epigenetic marks present in donor cells (Okita et al.
2007; Maherali et al. 2008; Mikkelsen et al. 2008), the data showing that iPS cells
share more common genes with their parental fibroblasts was quite surprising.

In fact, in July 2010, two simultaneously published papers proved that even rig-
orously selected early-passage iPS cells could retain epigenetic marks characteristic
of the donor cell. Although the persistent imprinting manifests as differential gene
expression and alters differentiation capacity, it may be utilized in potential thera-
peutic applications to enhance differentiation into desired cell lineages (Kim et al.
2010; Polo et al. 2010).

14.5 Challenges to Therapeutic Potential of Human iPS Cells

In a metazoan body, all cells possess the same set of genes. There are only excep-
tions of postmeiotic germ cell lines, mature lymphocytes, and cells in species that
exhibit chromosome diminution (Kloc and Zagrodzinska 2001). Therefore, generat-
ing a pluripotent cell in vitro and directing its conversion to a specific differentiated
cell fate (which means rewinding the internal clock of a mammalian cell to an
embryonic state) and then forwarding these high-potential cells to diseased cells
represents a rational ongoing approach in regenerative medicine. On the other hand,
quality control and safety are the main concerns, and there are several technical
challenges when using human iPS cells to treat several irreparable human diseases.
Factor-free human iPS cells are necessary to minimize or eliminate genetic alterations
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in the derived iPS cell line created. Defining a disease-relevant phenotype needs
in vitro and in vivo models. To generate markers for differentiation and gene cor-
rections, gene-targeting strategies are necessary. Cell-type specific lineage report-
ers, lineage-tracking tools, and tools to disrupt, repair, or overexpress genes should
be developed to model many human diseases (Saha and Jaenisch 2009). Yet, iPS
cells would have profound implications for both basic research and clinical thera-
peutics by providing a patient-specific model system to study the pathogenesis of
disease and test the effectiveness of pharmacological agents. It also would be an
ample source of autologous cells that could be used for transplantation (Robbins
et al. 2010).

Because cellular functions are influenced by microenvironmental stimuli, it is
important to evaluate the results obtained from iPS studies so far conducted
regarding the reprogramming methods, culture conditions, and differentiation
protocols, all of which influence the outcome (Daley et al. 2009). Kim et al. (2010)
revealed several important facts about reprogramming and resultant iPS cells:
First, the tissue source influences the efficiency and fidelity of reprogramming.
Second, there are substantial differences between iPS cell-derived and embryo-
derived ESCs. Third, the differentiation propensity and methylation profile of iPS
cells can be reset. Finally, and most strikingly, NT-derived ESCs are more faith-
fully reprogrammed than most iPS cells generated from adult somatic tissues
(Kim et al. 2010).

14.6 Why Are Reprogramming Events Rare But Robust?

Although Waddington’s epigenetic landscape metaphor is available for understand-
ing the differentiation status of a cell, further explanations are needed to understand
molecular nature and epigenetic barriers for determining cell fate. Hochedlinger
and Plath (2009) modified Waddington’s landscape metaphor for explaining devel-
opmental potential and epigenetic status of a cell. In this modified diagram a marble
(zygote) stays uphill (dedifferentiation) and then moves across valleys (lineage con-
version) along with the developmental pathways. Yet, further explanations are
needed to understand the molecular nature and epigenetic status of cells because
classic biological theories failed to explain many phenomenon such as epigenetic
barriers, the ground state of pluripotency, and cell fate commitment, among others.

Colebrook (2002) claimed that we are in a postlinguistic era and that we need
to develop theories and approaches that are not language-dependent. In biology,
we are using language to describe extremely complex and interactive events. If
we think that mathematics is the language of nature, we should be able to repre-
sent and understand everything around us through numbers. When we turn those
numbers of any system into graphs, patterns emerge. Therefore, there are pat-
terns everywhere in nature (Aronofsky 1998). In philosophy, systems theory, sci-
ence, and art, emergence is the way complex systems and patterns arise out of a
multiplicity of relatively simple interactions. Emergence is central to the theories
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Fig. 14.2 Coexistence of rarity and robustness during reprogramming the pluripotent state (“jump-
ing back”). Note the “subattractors” (“washboard potentials”) as a manifestation of the ruggedness
of the epigenetic landscape, which imposes intermediate states that slow down the reprogramming
events (Huang 2009)

Fig. 14.3 The ball is moving
in the bowl until it finds the
lowest point (the attractor)

of integrative levels and of complex systems; therefore, it can be defined as “the
arising of novel and coherent structures, patterns, and properties during the pro-
cess of self-organization in complex systems” (Corning 2002). The complexity
of cell fate determination then transports us to an emerging pattern from diver-
gent genetic and epigenetic signals.

Fortunately, Huang (2009) tried to set up a pedagogical framework to describe
sources of cellular states with the help of an integrated dynamic system. By doing
so, he invited experimental biologists to walk through a new path called dynamic
systems, which have been using to describe the behavior of complex dynamic sys-
tems. Accordingly, Huang (2009) described the natural and expected “ground state”
character of pluripotency to explain the rarity and robustness of reprogramming
events (Fig. 14.2).

To understand the basics of the dynamic system theory, we may take the ball
from Waddington’s landscape and throw it into any bowl. The ball moves around
the bowl until it eventually comes to rest at the lowest point of the bowl. In dynamic
systems, that lowest point is called the attractor (because the ball was “attracted” to
that point) (Fig. 14.3).
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Fig. 14.4 The properties of the landscape and the ability of the player influence the result. A tal-
ented golfer directs the ball to its attractor, the targeted hole. Once the ball exceeds the bifurcation
point, it drops in the hole

Now imagine a golf player trying to get the ball in a hole. The hole is an attractor,
but it works as such only if the ball gets close enough to the rim. The properties of
landscape, the ability of player, and many other local attractors and barriers (e.g.,
small holes, ridges) influence the result. Each ridge creates a point of decision,
wherein the ball can fall to one side or the other. Moreover, which path the ball takes
is highly dependent on the initial conditions. A minor change can switch the path
from one attractor (targeted) to a nearby one (missed). Once this “bifurcation” point
has been passed, it may take a large perturbation (e.g., a hidden fountain at the bot-
tom of the hole) to change the attractor again (Fig. 14.4). Otherwise. we can say the
system has become locked into a particular attractor.

The entire hole is what the dynamic system calls the basin of attraction of that
system (Kauffman 1993). In cell biology, the basins are separated by some unstable
states, which constitute the epigenetic barriers. Once an attractor is reached, the
associated expression pattern is maintained (Huang 2009).

State space is simply an imaginary map of all the possibilities open to the sys-
tem; for example, with a coin toss it is just two points: heads or tails. In cell biology,
it is gene regulatory circuits. With a bistable gene regulatory circuit, if for instance
gene 1 (unconditionally) inhibits gene 2 or vice versa, there is only two possibilities:
X, 2X, or X, <X,. This particular gene then generates two distinct attractor states: S,
has the expression pattern X, >X,, and S, has the complementary pattern X <X,.
Because the two attractors can coexist under the same environmental conditions, the
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Fig. 14.5 Dynamics of a two-gene regulatory circuit. (a) Circuit architecture of two mutually
inhibitory genes and examples of gene regulatory circuits using the same binary decisions for cell
differentiation in multipotent cells. (b) Quasi-potential landscape. States S, and S, (red circles) are
stable steady states (attractors). S, (empty circle) is an unstable steady state. Dashed line repre-
sents the separatrix, dividing the state space into the basins of attraction. Bottom: Simplified repre-
sentations obtained from cross sections along the dashed line (*- - - - - *) (Huang 2009)

circuit is said to be bistable. Attractor states are robust, “self-stabilizing,” distinct
states (Fig. 14.5) (Huang 2009).

If we go back to Huang’s epigenetic landscape in Fig. 14.3, we are able to see
that in the dynamic perspective individual cells in a clonal population show fluctua-
tions in their expression levels within the attractor basin. Also, the cells that at a
given time happen to be near the rim of the basin are most responsive to differentiat-
ing signals that kick them out of the stem cell attractor or destabilize the latter
(Huang 2009). Overall, the efforts for inducing differentiation pathways in both
somatic and embryonic cells indicate that once the epigenetic barriers are exceeded
by any reprogramming events the cell fate changes (Hochedlinger and Plath 2009).
If stem cells contain a heterogeneous mixture of microstates, each primed for a
distinct fate, transitioning into each other in a dynamic equilibrium (within the
attractor basin) is highly possible when no fate-committing external cue is present
(Huang 2009). Since Ying et al. (2008) stated ESCs cells have an innate program for
self-replication that does not require extrinsic instruction, the ground state character
of pluripotency is accepted as the natural default state. With the help of Huang’s
(2009) complex high-dimensional dynamic system, we can understand why repro-
gramming pluripotency is robust although rare: “Since the pluripotent state is an
attractor state with a rather large basin of attraction, it is robust—a ground state.”
The rarity of reprogramming events can be explained as due to the ruggedness of the
attractor landscape: “Only a small fraction of the cells in the population, namely
those whose fluctuating microstate maps into a gene expression pattern that fulfills
some particular priming requirement, may actually be responsive to the nature of
the reprogramming signals” (Fig. 14.3) (Huang 2009).
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14.7 1Is Reprogramming Necessary for Regenerative
Therapies?

Along with the epigenetic discussion, another important question is whether it is
necessary to reprogram cells back to the pluripotent stem cell state. For regenerative
therapies, pluripotency may not be a prerequisite for the generation of certain dif-
ferentiated cell types.

It has been shown that overexpression or deletion of individual transcription fac-
tors could change the cell fate in somatic cells (Hochedlinger and Plath 2009).
Moreover, culturing stem cells under defined culture conditions can initiate differ-
entiation programs (Kocaefe et al. 2010). Also, it has been shown that there is direct
conversion of fibroblasts to functional neurons with no prior pluripotent stage
(Vierbuchen et al. 2010). Masip et al. (2010) thus attempted to describe “induced
transdifferentiated (iT) cells” as a novel tool for modifying the adult cell fate.
Interconversion between adult cells from ontogenically different lineages by an
induced transdifferentiation process is based on overexpression of a single or cock-
tail of transcription factors. As there is no attempt to reach it through an ESC-like
state, iT cells may provide an alternative for regenerative medicine. On the other
hand, like iPS cells, they require safe methods with transient and/or nonintegrative
tools for generation. They also need in vivo assays to determine the suitability of
their transplantation and applicability in regenerative medicine (Masip et al. 2010).

Thus far, pluripotent stem cells seem to be the only sources with the unique
potential to provide comprehensive model systems for the earliest stages of human
ontogenesis. Generating iPS cells from almost all cell types in the human body
would aid in the investigation of the molecular events governing cellular specifica-
tion from human pluripotent stem cells. Generated iPC cells must undergo a tar-
geted, stepwise differentiation process that follows a normal developmental timeline
(Meyer et al. 2009).

Differentiation and lineage commitment warrant a ground state model. If onto-
genically closed cells could be gathered in a common place, mimicking differentia-
tion pathways would follow the pathways through cellular specification aimed at
identifying the earliest lineage precursors. A tooth and alveolar bone duo may serve
as a model to search for close differentiation pathways because they are closely
specialized tissues in an anatomical localization. Such tissues are alveolar bone of
jaws, the periodontal ligament, and cementum and dentin of the tooth root. These
tissues are secreting by closely related cells: osteoblasts, periodontal ligament fibro-
blasts, cementoblasts, and odontoblasts respectively. They are all mesenchymal in
origin except that odontoblasts have a neuroectodermal origin (Koussoulakou et al.
2009). Although those tissues display many functional and physiological differ-
ences, there are no specific markers available to identify their specificity. On the
other hand, mesenchymal stem cell properties of the periodontal ligament and den-
tal pulps cells are almost (if not completely) identical (Huang et al. 2009). However,
the attempt to reprogram them to the iPS state showed varied phenotypes that can
be moderated through passages (Fig. 14.6) (Yildirim unpublished observation).
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Fig. 14.6 Colonies generated from closely related dental cells. (a, d) Deciduous dental pulp stem
cells. (b, e) Permanent dental pulp stem cells. (c, f) Tooth-matched permanent periodontal liga-
ment stem cells showed different morphologies during early passages (a—c passage 1; d—f passage
5). Phenotypic uniformity was established through further passaging. All colonies expressed pluri-
potency genes throughout the passages (g), although they also expressed tissue-specific genes (h),
indicating retention of parental imprinting

It would be interesting to determine if those morphological discrepancies reflect
an epigenetic status of different but closely related cellular origins from which
they arose.
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Chapter 15
Cancer Stem Cells: Current Concepts
and Therapeutic Implications

A. Ugur Ural

Abstract Cancer stem cells are the cells in a tumor that possess the capacity for
self-renewal and to produce the heterogeneous lineages of cancer cells that compro-
mise the tumor, act like normal stem cells, and render tumors resistant to chemo-
therapy. Like normal stem cells, cancer stem cells are marked by their ability to
unlimited self-renewal, to differentiate, and to regenerate a phenocopy of the origi-
nal tissue. In addition to playing a role in primary tumor formation, it has been
shown that cancer stem cells are also key players in the metastatic process, with
their unlimited capacity for self-renewal, the requirement for a specific microenvi-
ronment in which to grow, use of the CXCL12/CXCR4 axis for homing and quies-
cence. They also enhance resistance to apoptosis and have an increased capacity for
drug resistance. Developing targeted therapies that are selectively toxic to cancer
stem cells, and their microenvironment while sparing normal stem cells may lead to
more effective treatment options for eradicating this crucial population of cells.

15.1 Introduction

Most cancers are difficult to eradicate completely, and they recur easily and metas-
tasize. Some cancers are resistant to chemotherapy, and some are highly aggressive.
Are we targeting the right cells by conventional cancer therapy? These facts raised
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the hypothesis that tumors arise from a rare population of cells with stem cell
properties that have been termed cancer stem cells (CSCs). According to this
hypothesis, first proposed in 1983 by Mackillop, only a small fraction of cells in
certain tumors are tumorigenic; that is, only the CSCs can produce all of the cells
necessary to repopulate the tumor (Yang and Chang 2008).

The CSCs have normal stem cell characteristics that render them resistant to
classic cancer chemotherapy, and they are responsible for tumor initiation, propaga-
tion, and metastasis. The CSC hypothesis assumes that CSCs exhibit the following
characteristics: (1) self-renewal; (2) multidirectional differentiation; (3) tumor-
initiating capacity; (4) resistance to apoptosis. These properties of CSCs have been
tested with limiting dilution and serial transplantation experiments.

Lapidot and colleagues (Lapidot et al. 1994) offered the first evidence of CSCs
from patients with acute myeloid leukemia (AML) in 1994. They isolated a
CD34+CD38- cell fraction from these patients and showed that transfer of the
CD34 +CD38- cells at a density of 5x 103 into nonobese diabetic, severe combined
immunodeficient (NOD/SCID) mice resulted in leukemic proliferation that could
be serially transplanted into secondary recipients, whereas injection of more dif-
ferentiated cells (5% 10°) expressing CD34 +CD38+ failed to do so. Al-Hajj et al.
also reported that CD24—/lowCD44+ cell fraction from metastatic pleural effusion
had significantly higher tumorigenic potential when injected into the mammary fat
pad of female NOD/SCID mice than CD24 +CD44+/- cells (Al-Hajj et al. 2003).
Since then, CSCs have been widely studied and isolated in many tumors including
multiple myeloma (Matsui et al. 2004), brain cancer (Galli et al. 2004), colon cancer
(O’Brien et al. 2007), head and neck cancer (Prince et al. 2007), prostate cancer
(Collins et al. 2005), and melanoma (Fang et al. 2005). These studies in murine
models provided evidence that CSCs can arise from stem cells that acquire trans-
forming mutations or from transformed downstream progenitor or precursor cells,
which reacquire stem cell characteristics (e.g., self-renewal) (Deshpande and Buske
2007). The transformation of stem cells, their progenitors, or cells differentiated to
CSCs may be due to the accumulation of genetic modifications (mutations in onco-
genes, suppressor genes, mismatched repair genes) and epigenetic alterations
(abnormal methylation, histone modification). The fact that leukemia stem cells and
glioblastoma stem cells have markers similar to those of normal stem cells also sup-
port this hypothesis (Gil et al. 2008). The cells that acquire the ability for self-
renewal accumulate genetic changes over long periods of time, escape from the
control of their microenvironment, and give rise to cancerous growth (Shipitsin and
Polyak 2008). Currently available chemotherapeutic agents and radiation therapy
target the bulk tumor mass, but quiescent CSCs show resistant to such therapy
because of the high expression of antiapoptotic proteins.

Elucidating the biological properties of CSCs may provide new insights into the
factors that drive tumor initiation and propagation and may help to develop novel
therapeutic approaches to overcome drug resistance, to improve therapeutic effi-
cacy, and to develop novel cancer treatments which target CSCs while sparing
normal stem cells.
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15.2 Transformation of Normal Cells to Cancer Stem Cells

If CSCs arise from normal stem cells then cancer cells could require the stem cell
regulatory pathways for self-renewal. On the other hand, if these cells arise from
more differentiated cells, genetic modifications and epigenetic alterations would be
required to drive differentiation and for the cells to regain self-renewal properties.
As is well known, differentiated cells have a limited life span, and thus it is
unlikely that all the necessary mutations could occur during their short life. In con-
trast, the self-renewal capacity of normal stem cells means these cells may be the
only cells that are around long enough to accumulate the necessary mutations (Allan
et al. 2007). Hence, stem or progenitor cells must be the initial targets for malignant
transformation as the CSCs must be able to self-renew, and it would be more diffi-
cult for a mature cell to regain the ability to self-renew through genetic mutations.

15.3 Signaling Pathways in Cancer Stem Cells

Stem cells use multiple signaling pathways to control normal stem cell self-renewal
or differentiation. Constitutive activation or dysregulation of these pathways may
lead to neoplastic proliferation, with the development of CSCs. Numerous signaling
pathways have been implicated in this process, including Bmi-1, Wnt/B-catenin,
Sonic Hedgehog (SHH), and Notch (Kakarala and Wicha 2007; Hambardzumyan
et al. 2008; Chumsri et al. 2007; Yang and Chang 2008). These pathways are tightly
regulated in determining normal stem cell fate whether a stem cell self-renews or
differentiates.

Bmi-1 has been shown to be required for the self-renewal of both neural stem
cells and hematopoietic stem cells (HSCs) (Lessard and Sauvageau 2003; Cui et al.
2007). Overexpression of Bmi-1I results in down-regulation of p16 and p19, which
are important antiproliferative proteins (Yang and Chang 2008). Bmi-1I also plays an
essential role in the self-renewal of CSCs; for example, Bmi-/—/— deficient mice
display failure of hematopoiesis (Lessard and Sauvageau 2003). Recent experi-
ments showed that CSCs lacking Bmi-1 were enable to engraft and proliferate, and
they displayed differentiation and apoptosis. Reconstitution of the Bmi-I gene was
found to completely abrogate these defects (Lessard and Sauvageau 2003).

In the Wnt pathway, stimulation of cells with Wnt ligands leads to stabilization
of B-catenin, a protein with dual function as a cytoskeletal component and a latent
transcription factor that subsequently translocates to the nucleus and activates spe-
cific gene transcription. Overexpression of -catenin in HSCs induces their expan-
sion, whereas expression of the -catenin antagonist axin impairs HSC proliferation.
Whnt/B-catenin signaling is involved in regulating HoxB4 and Notchl, two critical
regulators of HSC self-renewal activity (Reya et al. 2003). The self-renewal role of
Whnt/B-catenin signaling was also conserved in self-renewing of CSCs, which show
increased nuclear 3-catenin activity (O’Brien et al. 2007). Furthermore, it has been
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implicated in chronic lymphocytic leukemia and the progression chronic myeloid
leukemia blast crisis (Chumsri et al. 2007).

SHH signaling regulates multiple aspects of central nervous system develop-
ment, controlling both cell proliferation and cell differentiation. Damage to compo-
nents of the SHH pathway can lead to birth defects and some types of cancer. SHH
has also been shown to regulate the self-renewal of neural stem cells and HSCs and
to be up-regulated and associated with tumorigenesis and a poor clinical outcome
(Ahtar et al. 2006; Hooper and Scott 2005).

Notch signaling appears particularly capable of affecting both tumorigenesis and
self-renewal, and it is necessary for maintaining a pool of undifferentiated stem
cells (Hambardzumyan et al. 2008; Morrison et al. 2000). Deletion of Notch1, one
of the transmembrane heterodimeric receptors, results in a decrease in neural stem
cells and a reduction in their proliferation (Hambardzumyan et al. 2008). In T-cell
acute lymphoblastic leukemia, Notchl is found to be constitutively activated in
patients with the t(7;9) abnormality (Weng et al. 2004).

15.4 Isolation and Markers of Cancer Stem Cells

The most widely accepted assay to validate a candidate CSC population is tumor
initiation and serial transplantation in NOD/SCID mice, where the tumor that grows
in the mice recapitulates the heterogeneity of the primary patient tumor. To identify
CSCs, patient-derived tumor cells are stained with antibodies to various cell surface
markers, and techniques such as fluorescence-activated cell sorting are used to sepa-
rate labeled versus unlabeled populations of cells. In situ distribution of proposed
markers for CSCs— including CD44 or CD24 for breast, colon, or pancreatic car-
cinomas; CD133 for glioblastomas or colon, prostate, and kidney carcinomas; CD20
for melanoma; CD166 for colon carcinomas—failed to reveal defined localization
patterns that reliably identify only CSCs in tumors (Zhou and Zhang 2008; Hill and
Perris 2007).

Lapidot and colleagues isolated and identified CD34+CD38- leukemia stem
cells (LSCs) from patients with AML and demonstrated that these cells initiated
leukemia in NOD/SCID mice compared with the CD34 + CD38+ and CD34- frac-
tions (Lapidot et al. 1994). An engrafted leukemia could be serially transplanted
into secondary recipients, providing functional evidence for self-renewal.

CD133+ cells were also demonstrated in human brain cancers that possess dif-
ferentiative and self-renewal capacities and can initiate tumor growth in vivo, whereas
CD133- cells cannot. In vivo, transfer of as few as 100 CD133+ cells could regener-
ate a serially transplantable phenocopy of the original tumor in the brains of NOD/
SCID mice (Singh et al. 2004). CSCs in the brain express not only CD133 but also
nestin, which is known to be a marker for a poor prognosis in patients with a glioma
and is activated by Notch signaling (Shih and Holland 2006; Strojnik et al. 2007).

Al-Hajj and colleagues demonstrated marked difference in tumorigenicity
between CD44+CD24— expressing cells and nonexpressing cells in breast cancer
(Al-Hajj et al. 2003). The number of putative CSCs identified as CD44 + CD24— cells
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did not achieve a statistically significant association between the frequency of these
cells and clinical outcome, although the number of the cells was associated with
distant metastasis (Abraham et al. 2005). In addition, the markers presently used to
sort putative CSCs (including CD24, CD44, and CD133) are not specific for CSCs
because they are expressed on normal cells (Hill and Perris 2007). CD133 is a marker
expressed by many types of normal stem cell, including neural and HCSs. CD44 is a
cell surface receptor for hyaluronic acid and is involved in cell migration, adhesion,
and metastasis (Croker and Allan 2008).

15.5 Cancer Stem Cells, Niches, and Metastasis

In light of the significant role of the normal stem cell niche in controlling the stem
cell fate (e.g., self-renewal, quiescence, homing, engraftment, proliferation), it has
been proposed that a CSC niche exists and that interactions with this tumor niche
may have a similar role in specifying a self-renewing population of stem cells. There
is mounting evidence that CSCs receive important signals from the microenviron-
ment that support self-renewal and may exploit the normal homeostatic mechanisms
(Lane et al. 2009). Factors derived from the tumor environment serve to regulate
cancer cells. Specialized microenvironments of bone marrow endothelial cells,
known as vascular niches, appeared to be required for the homing and engraftment
of both HSCs and leukemic cells (Sipkins et al. 2005). Xenograft transplantation
assays have been able to support the role of niche signaling in CSC engraftment,
chemotherapy resistance, and cell cycle regulation (Ishikawa et al. 2007).

There are several possible models for CSC—niche interactions. First, the CSC
may not require a distinct niche for expansion and may instead be capable of surviv-
ing in the normal stem cell niche. For example, leukemic SCs may impair the func-
tion of the normal HSC niche by direct invasion or secretion of substances such as
stem cell factor. Leukemic SCs can infiltrate these niches and hijack the normal
homeostatic processes, leading to enhanced self-renewal and proliferation signal-
ing, enforced quiescence, and resistance to conventional chemotherapy including
secretion of antagonists (Lane et al. 2009). Second, a distinct CSC niche may be
necessary for activation. CSCs may also exhibit dysregulated homing and engraft-
ment, leading to alternative niche formation. As with normal stem cells, the niche
may be important for maintaining asymmetrical division of CSCs and for tethering
CSC:s close to signals that maintain stem-like properties (Hermann et al. 2008).

To form a metastasis, cells should require features similar to those of the cells
initiating the primary tumor. Therefore, CSCs represent the only cells capable of
spreading from the primary tumor and of giving rise to metastases (Hermann et al.
2008). The chemokine CXCL12 is believed to play a critical role in stem cell migra-
tion in cooperation with its receptor CXCR4 (Ma et al. 2007). CXCL12 is an ideal
candidate for helping metastasis because its major biological effects are related to
the ability of this chemokine to induce motility, chemotactic responses, adhesion,
secretion of matrix metalloproteinases (MMPs), and secretion of angiopoietic fac-
tors such as vascular endothelial growth factor (VEGF) in cells that express CXCR4
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(Ratajczak et al. 2006). In cancer development, fibroblast expression of CXCL12
and tumor cell expression of CXCR4 is often increased in hypoxic areas of the
tumor, subsequently triggering tumor growth and motility. A fundamental role of
the CXCR4/CXCL12 axis in metastatic spread through the body according to a
CXCL12 gradient has also been suggested for a variety of cancers (Smith et al.
2004; Su et al. 2005; Saur et al. 2005). This axis may also help to explain the organ-
specific nature of metastatic growth because CXCR4-expressing cancer cells may
home to organs that express high levels of CXCLI12. For example, CXCR4-
expressing breast cancer cells preferentially metastasize to CXCL12-expressing
organs such as lymph nodes, liver, and bone (Chambers et al. 2002; Pantel and
Brakenhoff 2004; Muller et al. 2001). This may be one of several potential explana-
tions for the increased incidence of widespread metastases from breast cancer
(Spillane and Henderson 2007).

15.6 Therapeutic Implications of Cancer Stem Cells

In current clinical practice, standard chemotherapeutic agents are still used with the
intent to kill the bulk tumor mass. Unfortunately, the drugs target not only tumor
cells but also normal cells. Additionally, most of these approaches fail to eradicate
CSCs, resulting in disease relapse.

For example, CD34 +CD38- LSCs were found to be less sensitive to daunorubi-
cin than the more committed CD34-CD38+ cells (Costello et al. 2000). Myeloma
CSCs were relatively more resistant to standard chemotherapy (Matsui et al. 2004).
The resistance of CSCs to chemotherapy may be due to increased expression of pro-
teins from the BCL-2 antiapoptotic family, which leads to an increase in the expres-
sion of membrane proteins responsible for drug resistance (Al-Hajj et al. 2003).
CSCs can also resist apoptosis by a number of mechanisms, including transforming
growth factor B signaling and activation of the SHH pathway (Thayer et al. 2003).
Increased expression of transporting proteins, such as MDR1 and ABC transporters,
is also an important factor in chemotherapy resistance (Jordan et al. 2006). The resis-
tance of CSCs to radiotherapy may be due to activated and increased expression of
the checkpoint proteins in response to DNA damage by radiotherapy (Bao et al.
2006). Also, cells resistant to radiotherapy show expression of prominin-1 (CD133+),
which also appears on the surface of neuronal and brain SCs (Gil et al. 2008). It has
been proposed that CSCs also express these proteins at higher levels than the bulk
population of tumor cells and may be more resistant to chemotherapy, permitting
reproliferation of tumors after chemoradiotherapy (Spillane and Henderson 2007).
Because of these mechanisms, CSCs tend to not only take up less drug, but they also
diminish drug effects through DNA repair systems or antiimmune mechanisms. They
therefore resist most chemotherapeutic attempts (Zhou and Zhang 2008).

Although CSC-specific treatments will be effective in curing cancer, the signal
transduction pathways and phenotypes are similar in normal stem cells and CSCs,
making it difficult to target the culprits without toxicity to normal stem cells.
Fortunately, some studies have suggested that it may be possible to target CSCs
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using new agents. It is reasonable that inhibition of ABC transporters could at least
partially reverse the drug resistance phenotype of CSCs. In particular, the combina-
tion of ABC transporter inhibitors and chemotherapy may help eliminate CSCs
(Lou and Dean 2007). Pharmacological inhibition of checkpoint proteins (e.g.,
Chk1 and Chk2), results in decreased resistance to ionizing radiation of CD133+
CSCs (Bao et al. 20006). In another study, monoclonal antibody targeting of CD44,
a CSC surface molecule, eradicated human leukemic SCs without affecting HSCs in
a xenograft model in NOD/SCID mice. The authors hypothesized that this result
was due to interference with transport to the stem cell microenvironment and altera-
tion of the CSC fate toward differentiation (Jin et al. 2006).

Interestingly, chronic myeloid leukemia (CML) stem cells are resistant to kinase
inhibitors because they do not require BCR/ABL signaling for survival in the quies-
cent state. Indeed, these quiescent CML progenitors are resistant to multiple agents
used alone or in combination with imatinib, including cytarabine, etoposide, and
arsenic, each of which induces apoptosis in cycling leukemia cells (Jorgensen et al.
2005; Holtz et al. 2005). If quiescent CML stem cells could be induced to enter the
cell cycle, it might increase their sensitivity to BCR/ABL kinase inhibitors (Krause
and Van Etten 2007).

Other studies have shown that treatment of prostate and breast cancer cell lines
with a siRNA against CD44 can decrease cancer cell adhesion to bone marrow stromal
cells (Draffin et al. 2004). Combination of idarubicin and proteasome inhibitor, lead-
ing to inhibition of NF-«B activity, has been shown to mediate selective apoptosis of
leukemic CSs while sparing normal stem cells (Yang and Chang 2008). Breast cancer
stem cells have also been preferentially inhibited by NF-«B specific inhibitors, includ-
ing parthenolide, pyrrolidinedithiocarbamate and diethyldithiocarbamate (Zhou et al.
2007). Several Notch inhibitors are in clinical development, including MK-0752, a
y-secretase inhibitor in Phase I trials in patients with T-cell acute lymphoblastic leu-
kemia and other leukemias (Deangelo et al. 2006). Recently, breast cancer cells
treated with a CXCR4 antagonist (AMD3100) show significantly inhibited metastatic
ability, and intracranial glioblastoma xenografts treated with AMD3100 show
increased tumor cell apoptosis (Liang et al. 2004; Rubin et al. 2003).

In conclusion, at the molecular level, alterations in signaling pathways respon-
sible for self-renewal of stem cells are crucial in the transformation of any cell into
CSCs. Progress can be made only by discovering the mechanisms of control of
signaling pathways. Ultimately, new prognostic and predictive markers, as well as
more specific therapeutic strategies targeted to CSCs or signaling pathways, may be
developed to force tumors into permanent remission.
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Chapter 16
Problems to Be Solved in Molecular Oncology

Ayfer Haydaroglu

Abstract Cancer ranks as the second leading cause of death following heart disease.
However, considering the increase in its incidence, cancer is expected to take over
first place in causes of death within the next 10—15 years. Despite major advances in
medicine, we still have not achieved the desired results in the treatment of cancer.
The biggest reason is the fundamental problems in oncology with many unknowns
to be solved. They need more research. Oncologists know well the unresolved issues
in the clinical world, but they are not successful enough to direct basic scientists
toward these issues, and basic scientists often stay away from the problems encoun-
tered in the clinic. Collaboration between oncologists and basic scientists is essential
to cope with these problems. The main causes of failure in oncology include resis-
tance to the basic methods of treatment such as radiotherapy and chemotherapy,
deactivation of treatment mechanisms by DNA repair mechanisms, oxygenation
problems (hypoxia, reoxygenation), metabolic biotransformation and/or inactivation
of drugs, decreased apoptosis sensitivity of cancer cells (escape from apoptosis),
molecular and genetic pathways involved in drug resistance, genetic predispositions
and vulnerabilities, angiogenesis (neovascularization), the blood-brain barrier, intol-
erance to treatments, side effects, failure to prevent metastasis, and invasion.
The aim of this chapter is to present the basic problems encountered in oncology
and contribute to the research studies of the basic scientists on related issues.
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16.1 Introduction

One of the most important causes of failure in oncology is resistance to treatment.
Molecular and genetic mechanisms are the underlying factors of the resistance.
The basic elements of cancer treatment—radiotherapy, chemotherapy, hormono-
therapy, immunotherapy—have distinctive biological, molecular, and genetic prob-
lems. In this review, we discuss the molecular problems, which are considered
among the sources of failure, particularly of adjuvant radiotherapy and chemother-
apy treatment modalities for cancer and that are still waiting to be solved.

16.2 Molecular Problems in Radiation Therapy That Need to
Be Solved

We can understand the resistance problems encountered in cancer radiotherapy by
explicating the effects of radiation treatment at the cellular level and the molecular
and genetic mechanisms of resistance.

16.2.1 Radiation-Induced Cell Death

Physicochemical changes in living individuals caused by incidents caused by ion-
izing radiation occur in less than a second, whereas biological consequences such as
genetic mutations, cancer formation, and cell death need hours, days, months, or
even years to emerge. Depending on the radiation, biological target molecules are
influenced and damaged in direct or indirect ways. With the direct effect, radiation
directly interacts with biological target molecules, and energy is transferred directly.
With the indirect effect, radiation energy transfer to biological molecules is realized
through free radicals. Radiobiologically, indirect effects of radiation are more impor-
tant than the direct effects because radiation damage is mainly due to these effects.

As a result of absorption, free radicals and induced molecules are formed in liv-
ing cells. The cells largely consist of water, and radiation energy is likely absorbed
by water molecules. Hydroxyl and hydrogen radicals are formed following expo-
sure to radiation. These free radicals cause radiobiological damage by interacting
with biologically important molecules (e.g., DNA, enzymes). Damage caused by
ionizing radiation in the cell is not selective. All cellular structures exposed to radia-
tion are affected, but DNA damage is the main process leading to cell death (Jonathan
et al. 1999).

Radiobiologically, there are two types of cellular death: mitotic and apoptotic.
Mitotic death is the loss of cell viability due to accumulated genetic damage in the
cells exposed to radiation. The main cause of cell death is thought to be the DNA
damage. Mitotic cell death depends on the status and rate of cellular proliferation.
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Fig. 16.1 Mechanisms of cell death

It may occur at either an early or a late phase. A few more divisions may be observed
in the cell. Apoptotic death (interphase death) is observed by irradiation of the cells
that are not divided or less divided and can be explained by apoptosis. The exact
mechanism of radiation-induced cell death is variable. Radiation-induced apoptosis
is definitively displayed in most of the systems (Illidge 1998). However, it is differ-
ent for common solid tumors of epithelial origin. As tumors grow, they become
hypoxic and are subject to mutation. In this environment, apoptosis-resistant cells
have a selective advantage; and when exposed to radiation, they become dominant
in the tumor. In this type of tumor, “mitotic” death is considered more important
(Hatfield et al. 2005). Mitotic death occurs after irradiation, following mitosis, as a
consequence of chromosome aberrations. Apoptosis is programmed cell death. It is
cell death that occurs during normal cell growth realized throughout embryonic
development. With apoptosis, the cytoplasm thickens, the nuclear membrane and
the cell membrane undergo convolution, and apoptotic bodies are formed. They
may be digested by neighboring cells (Fig. 16.1). Following radiotherapy, apoptosis
becomes an important issue in lymphomas, varies in carcinomas, and is not an issue
in sarcomas. Rapid response of a tumor to small doses of radiation is indicative of
apoptotic cell death (Hall and Giaccio 2006).

The type of radiation-induced death of a tumor becomes important when deter-
mining the radiation dose and the number of fractions (Brenner and Hall 1999;
Bentzen et al. 2008). Therefore, studies of radiation-induced cell death should be
further developed in more detail.
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16.2.2 Radiation and Hypoxia

Cells are more sensitive to X-rays in the presence of oxygen. In the phase of radia-
tion in which free radicals are produced, oxygen exposure leads to the formation of
peroxide radicals, which have a highly destructive potential and increase the indi-
rect effects of radiation (Hall and Giaccio 2006; Joiner et al. 2009). Hypoxia reduces
the effectiveness of radiation treatment and consequently becomes an important
question. As the tumor grows, the blood circulation becomes insufficient, some
cells become hypoxic, and necrosis occurs.

Different tumors possess cells that are oxygenated at different rates. Particularly
tumor cells surrounding the central necrotic area are less oxygenated and so are
more resistant than well-oxygenated tumor cells and normal tissue cells. When the
tumor is small, there are more well-oxygenated cells; but as the tumor grows, the
hypoxic area increases as well. A single large dose kills the oxygenated cells, and
the hypoxic portion increases. The hypoxic part then decreases again owing to reox-
ygenation (Wilson 2007).

Chronic hypoxia is the result of a limited oxygen diffusion distance in a tissue
actively using oxygen. As a result of chronic hypoxia over a long period of time,
cells die and undergo necrosis. Acute hypoxia occurs as a result of temporary clo-
sure of blood vessels. If the vessels are reopened, the cells are exposed to intermit-
tent hypoxia.

A mixture of oxygenated and hypoxic cells are found in tumors. Oxygenated
cells are more radiosensitive, and most of them are killed by X-rays. Hypoxic cells
are often left alone. Due to reoxygenation, the tumor reverts to a previous form.
If the time period between the two fractions is sufficient for reoxygenation, the pres-
ence of hypoxic cells does not heavily affect the result. The degree and the rate of
reoxygenation are variable and unpredictable (Wilson 2007).

Tumor hypoxia and reoxygenation are important issues to be examined in terms
of treatment efficacy.

16.2.3 Radiation and the Immune Response

It has been shown in some studies that radiation has potential beneficial effects on
the cells in terms of increasing immunogenity (Hall and Giaccio 2006). Radiotherapy-
induced cell death has some important consequences. However, contradictory and
controversial results have been achieved in the studies conducted. In some studies,
it is reported that radiation-induced cell death may trigger an immune response
(Steinman et al. 2000), and in others it was suggested that apoptosis has an inhibi-
tory effect in terms of dendritic cell activation (Voll et al. 1997). Sauter et al. took
another step and showed that dendritic cells may phagocytose both necrotic and
apoptotic cells in different malignant cell lines, whereas only necrotic cells may
activate dendritic cells. All of these studies support the tolerigenic nature of apop-
totic death and the inhibition of autoimmunity (Sauter et al. 2000). Whether tumor
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death is due to apoptosis or necrosis, the immune stimulation caused by cell death
is not sufficient to induce a complete immune response. Many questions related to
radiation-induced cell death are waiting to be answered.

Concerning radiation therapy, further detailed studies are needed regarding the
effects of radiation on the immune response.

16.2.4 DNA Repair Mechanisms

Irradiation or chemotherapy may lead to double- and single-chain fractures of DNA,
insertions and deletions, abasic areas, and DNA-protein cross-link formations
(Martin 2008). DNA damage may be due to endogenous factors. Throughout DNA
replication and DNA recombination processes, endogenous agents such as free radi-
cals that are produced as a by-product of cellular metabolism may cause DNA dam-
age as well (Sancar and Lindsey-Boltz 2004). Minor injuries are mostly repaired by
DNA repair systems (Ece et al. 2009). High levels of DNA damage cause “cell
death” by inducing apoptosis. Thus, the organism may protect itself. A moderate
level of DNA damage may cause mutations. Cells respond to DNA damage via vari-
ous metabolic pathways. Severe DNA damage causes cell death by activating the
apoptosis pathway. Cells may repair DNA damage by “DNA repair mechanisms.”
Klein and Glazer (2010) if DNA damage cannot be repaired during replication, it
may cause mutation and consequently genomic instability, cancer, and/or aging.

More than 100 genes play an important role in the DNA repair system, and the
proteins encoded by these genes are involved in the repair mechanisms.
Approximately 104 injuries occur daily in human cell DNA, causing noncoded or
miscoded genes. Accumulation of point mutations in mitochondrial DNA is thought
to increase in parallel with aging, and therefore particularly mitochondrial DNA
damage is associated with aging. DNA repair mechanisms comprise the systems
maintaining genomic stability with different types of repair.

16.2.4.1 Direct Repair Mechanisms: Reversal of Damage

e Photoreactivation: When the cells with ultraviolet (UV)-induced mutations are
exposed to visible light containing the blue spectrum (300-500 nm), they elimi-
nate the damage by reversing it and recover. This phenomenon is called photore-
activation (Sancar 2003). During the course of the evolutionary process, this
system has been preserved. Through light (300-500 nm) and two chromophores,
the “DNA Phototolyase” enzyme is activated, and conversion occurs. Eukaryotic
organisms have this enzyme.

o O%Methylguanin Repair: O%-Methylguanin (mG) is formed in the presence of
alkylating agents and is considered highly mutagenic (Ece et al. 2009).

* Basic Single-Strand Break Ligation: Agents such as X-rays or peroxides may
cause basic fractures in the DNA chain. These fractures are immediately repaired
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by DNA ligase enzyme. DNA ligase forms a phosphodiester bond between the 5’
phosphate group and the 3" OH group in a energy-required reaction (Powell and
Bindra 2009; Kulaksiz and Sancar 2007).

16.2.4.2 Cut-Remove Repairs (Excision)

* Base Excision Repair: Base excision repair (BER) is concerned with natural
hydrolysis of DNA bases or repair of inappropriate bases occurred due chemical
agents (Powell and Bindra 2009).

* Nucleotide Excision Repair: DNA lesions causing extensive deterioration in the
helix structure of the DNA are repaired by the nucleotide excision repair (NER)
system. Pyrimidine dimers originated from UV light, base changes such as benzo-
pyrene-guanine originating from smoking, and base changes originating from che-
motherapeutic drugs are excised as single bases by BER, whereas damaged bases
are excised as oligonucleotide pieces using NER. As a result of defects in proteins
involved in the mechanism of NER, some rare diseases such as xeroderma pig-
mentosum are defined (Powell and Bindra 2009; Kulaksiz and Sancar 2007).

*  Mismatch Excision Repair: DNA polymerase has the capability of reading errors
during replication (proofreading). Mismatch excision repair (MER) is the repair
mechanism concerned with mispairs that remained after proofreading (Martin
et al. 2010; Gomez 2010).

16.2.4.3 Recombination Repair

Recombination repair is the mechanism activated following replication, when DNA
is not repaired by other repair mechanisms.

16.2.4.4 SOS Repair

The SOS repair is the mechanism taking part in cases of high DNA damage rates
and when other repair mechanisms result in failure. During DNA synthesis, the
system allows DNA polymerase replication rather than bypassing the lesion.
However, the accuracy of replication is somewhat sacrified. Therefore, it is consid-
ered an error-prone system (Janion 2001; Schlacher et al. 2006).

16.2.4.5 Double-Strand Breaks Repair
DNA double-strand breaks, occur as a result of ionizing radiation, oxidative damage,

or naturally. They are repaired in two ways (Powell and Bindra 2009): homologous
and nonhomologous recombination. DNA damage repair is desirable in normal tissues
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when there is radiotherapy- or chemotherapy-induced DNA damage. It reduces
toxicity. DNA damage repair is not wanted in tumor tissue, however. If it could be
designed that way, it would increase the effectiveness of cancer treatment. Numerous
DNA repair enzymes have helped to improve DNA repair improve, leading to
reduced effectiveness of cancer treatment. If DNA repair mechanisms could be
deactivated in tumor tissue, we could provide more effective treatment. More
research studies should be conducted on DNA repair mechanisms in cancer tissue.

16.3 Molecular Problems in Chemotherapy
That Need to Be Solved

One of the most important problems currently encountered in cancer treatment is
primary or acquired drug resistance. Therefore, sequential or simultaneous com-
bined use of cytotoxic agents having different mechanisms are used to help break
the emerging resistance mechanisms. In recent years, an important focus has been
clarify the drug response/resistance relation using genomic analysis methods per-
formed with tissues obtained from cancer cell lines and tumors.

16.3.1 Multidrug Resistance

For the first time, three decades ago, during preliminary studies conducted with
cancer cell lines, an efflux system was found to be responsible for drug resistance.
It was called the permeability (P-) glycoprotein and was observed to be responsible
for the structural and functional resistance of many drugs. P-glycoprotein is a plasma
membrane protein belonging to the ATP binding cassette (ABC) transporter family.
P-glycoprotein reduces the intracellular therapeutic level of the drug. Other carrier
proteins, such as MRP1 and BRCP, also belong to this family. Overexpression of
these proteins in some tissues was found to be associated with primary drug resis-
tance. It is paradoxical that expression of these proteins increase in parallel with
cellular damage and the stress response. In this case, an increase in these transporter
proteins and development of resistance are observed as the best response to chemo-
therapy during the early period (Patwardhan et al. 2010).

16.3.2 DNA Repair Mechanisms

Endogenous DNA repair mechanisms include base excision, nucleotide excision,
mismatch repair gene activation, and direct repair of DNA damage. ERCC-1 (exci-
sion repair cross-complementing) protein, belonging to the Nucleotide Excision
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Repair (NER) family, is an important and commonly examined molecule related to
chemotherapy resistance (Lee et al. 2008). In many studies dealing with in vivo/
in vitro resistance, ERCC-1-mediated DNA repair mechanism is reported to be
responsible especially for resistance to cisplatin (Vilmar and Sorenson 2009).

Among the DNA repair enzymes, O -guanine DNA methyltransferase (MGMT)
is frequently and extensively investigated in cancer research studies. The MGMT
promoter region is silenced by hypermethylation in many tumors. This has a nega-
tive influence on DNA repair and leads to an increase in sensitivity particularly to
alkylating agents (Hegi et al. 2005).

The prognostic and predictive roles of DNA repair enzymes in cancer treatment
should be further investigated.

16.3.3 p53 Gene Status of Tumor and Drug Resistance

In all cellular stress conditions such as DNA damage, activation of oncogenes, loss
of cellular contact, and hypoxia, the p53 gene is activated and endeavors to protect
genetic information. However, if the damage is beyond the control capacity of P53
protein, apoptosis is induced through proapoptotic proteins. A p53 mutation is the
most common mutation encountered in cancer biology, and in the presence of this
mutation resistance to apoptosis is seen in many tumors. Accordingly, p53 mutation
leads to resistance to many chemotherapeutic agents. Drug resistance could not be
restored in many clinical trials in which the gene become functional. Consequently,
further studies on the subject are on the way.

16.3.4 Decrease in Apoptosis Sensitivity of Cancer Cells
and Its Molecular Basis

Apoptosis is a type of cell death that occurs regularly during an organism’s normal
life cycle. Accelerated or slowed down apoptosis is pathological. Necrosis is a patho-
logical cell death seen in nonphysiological conditions. Excessive tissue damage and
inflammatory response develop. Apoptosis is programmed cell death seen under
physiological conditions. There is no tissue damage, local cell loss develops, but
there is no inflammatory response. With the apoptosis signal, chromatin condensa-
tion begins in the cell. The cytoplasm appears dense, and cell dimensions shrink.
After a period of time, the cell is divided into smaller pieces called apoptotic bodies.
Apoptotic bodies reveal new signal transmitting structures on the surface; and with
the excitation of this signal, the cell is phagocytosed and removed by the nearby cells
(which are usually histiocytes) (Lipponen et al. 1994). The apoptosis process starts
with factors such as toxins and radiation from outside of the cell (extrinsic) or with
exciting stimuli such as hormones and growth factors within the cell (intrinsic).
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Fig. 16.2 Balance between proapototic and antiapoptotic signals in programmed cell death

The genes involved in the mechanisms of apoptosis and the proteins they encode
are directly related to the development of cancer. The Bcl-2 family has an important
role in apoptosis. The proapoptotic members promote apoptosis, and antiapoptotic
members inhibit apoptosis;, the two function in balance. This balance between pro-
and antiapoptotic members determines the choice between life and death (Fig. 16.2).
It has been observed that overexpression of antiapoptotic members suppresses
apoptosis, whereas overexpression of proapoptotic members kills the cells.
Proapoptosis causes the release of cytochrome C from mitochondria into the cyto-
plasm, whereas antiapoptosis suppresses the release of cytochrome C. As a result of
mitochondrial activation, cytochrome ¢ migrates through cytoplasm and activates
the caspase system. Caspases are a family of cystein proteases that play essential
roles in apoptosis and proteolysis. They are inactive (zymogene) in the cell and
proteolytically activate each other. Thus, they operate in a cascade. A balance
between proapoptotic and antiapoptotic actions ensures integrity of the mitochon-
drial membrane (Plati et al. 2011).

Many studies have shown that overexpression of Bcl-2/Bcl-XL proteins is cor-
related with resistance to chemotherapy. Recently, drug sensitivity is being investi-
gated by microarray and proteomic analyses on clinical materials. By determining
the differences in cancer cells in terms of apoptotic molecules, it would be possible
to differentiate cancer cells from normal cells, and we could develop drugs that are
able to trigger apoptosis.
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16.3.5 Changing Drug Targets in Drug Resistance

In drug-resistant cancer cells, target molecules of chemotherapy undergo genetic
mutation. “Epigenetic regulation” is one of the mechanisms of this mutation.
Transcriptional inhibition occurs by DNA hypermethylation without any changes in
the base sequence. It is common in tumor suppressor genes. In many types of can-
cer, apoptosis and drug resistance would be triggered, for example, by methylation
of the caspase 8 promoter region. Mutations or decreased expression of topoi-
somerases I and II is known to lead to intracellular targets of drugs to undergo muta-
tions and develop drug resistance against various drugs.

16.3.6 Metabolic Biotransformation and/or Inactivation of Drugs

Metabolic biotransformation is the determinant of how long and at which therapeu-
tic level active molecules of chemotherapeutic agents should contact cancer cells.
CYP2CS8 and CYP3A4 are the most commonly used enzymes in the metabolism of
chemotherapeutic agents, and a decrease in the expression of CYP3A4 is thought to
be associated with resistance to docetaxel in breast cancer (Noguchi 2006).

16.4 Main Indicators of Cancer That Need to Be Solved

With rapid advances during the last quarter century, cancer is displayed as the dis-
ease with dynamic changes in the genome. Hanahan and Weinberg suggested that a
broad range of cancer cell genotypes is an indicator of six fundamental changes in
cell physiology (Hanahan and Weinberg 2000). These six indicators are also the six
problems to be resolved in oncology. The indicators include self-sufficiency in
growth signals, insensitivity to growth-inhibitory signals, evasion from programmed
apoptosis, limitless growth potential, sustained angiogenesis, and tissue invasion
and metastasis.

16.4.1 Self-sufficiency in Growth Signals

Normal cells require mitogenic growth signals before they move from a quiescent
state to an active, proliferating state. These signals are transmitted into the cell by
transmembrane receptors that bind the signaling molecules. In the absence of such
stimulating signals, no proliferation can occur. In cancer, normal growth signals in
the cell somehow accomplish the signaling by mimicking (Hanahan and Weinberg
2000). Relating to this issue, the problem to be solved is to define clearly the details
of the growth signaling phase.
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16.4.2 Insensitivity to Growth-Inhibitory Signals

Multiple antiproliferative signals maintain homeostasis and cellular quiescence.
These growth-inhibitory signals are received by transmembrane cell surface recep-
tors, associated with intracellular signaling circuits. Anti-proliferation signals can
inhibit proliferation by two distinct mechanisms: cells may be enforced from active
proliferative state to quiescent state (GO) or to abandon their proliferative potential
constantly by bringing to enter post-mitotic states (Hanahan and Weinberg 2000).
The reasons of insensitivity of cancer tissue to the signals that inhibit growth should
be further investigated.

16.4.3 Evasion of Programmed Apoptosis

The capacity of tumor cells to expand in number is determined by the rate of cell
proliferation, and also by the rate of cell attrition. Apoptosis, which is the pro-
grammed cell death, is the main source of this cell attrition. Acquired resistance to
apoptosis is one of the most striking features of all types of cancer. Apoptotic pro-
gram is actually present as latent form in all cell types of the body. Cell membranes
are interrupted, cytoplasmic and nuclear skeleton are broken, chromosomes are
degraded. Resistance to apoptosis can be achieved by cancer cells through various
strategies. The loss of a proapoptotic regulator occurs most commonly through
mutation of p53 tumor suppressor gene. As a result, the functional inactivation of
P53 protein occurs in more than 50% of human cancers, resulting in the removal of
key component of DNA damage which can induce the apoptotic effector cascade
(Hanahan and Weinberg 2000). Methods should be developed to eliminate the prob-
lem of evasion from apoptosis in cancer.

16.4.4 Limitless Replicative Potential

Telomeric DNA is lost from the ends of each chromosome during replication during
each cell cycle. Progressive erosion of telomeres at the end of successive replication
cycles causes them to lose the ability to protect the ends of the chromosomal DNA.
In malignant cells, telomere maintenance is in evident. Around 85-90% of these
cells achieve it by up-regulating expression of the telomerase enzyme. The remain-
ing cells activate a mechanism called ALT. In most of the human cells, both mecha-
nisms seem to be strongly suppressed.

16.4.5 Sustained Angiogenesis

The oxygen and nutrients supplied by vascular structure are vital for cell survival, and
no cells of any type in a tissue can reside farther than 100 pum from a capillary blood
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vessel (Folkman 1971). In normal tissues, angiogenesis is controlled by proangiogenic
and antiangiogenic mechanisms. Tumor angiogenesis is associated with specific
growth factors, endothelial cell receptor activation and endothelial cell proliferation
capacity, and extracellular matrix components. Many factors are involved in angio-
genesis. They are released from tumor cells and other cells (e.g., monocytes, fibro-
blasts) and by degradation of the collagen matrix (Klagsbrun 1996).

Tumor angiogenesis offers a therapeutic target commonly shared by all tumor
types. A catalog of angiogenic regulatory molecules expressed by various tumor types
is expected to be available during the next decade (Hanahan and Weinberg 2000).

16.4.6 Tissue Invasion and Metastasis

Primary tissue masses produce pioneer cells that move out and invade adjacent tis-
sues first and then distant tissues. This distant localization of tumor cells—otherwise
known as metastasis—cause 90% of the deaths due to cancer. Invasion and metas-
tasis are highly complex processes, and their genetic and biochemical determinants
are not well understood. Understanding these mechanisms will contribute to the
fight against cancer (Hanahan and Weinberg 2000).

16.5 Cancer Stem Cells

Cancer stem cells (CSCs) are a small number of tumor-forming cells found in tumor
tissue. They possess the ability to self-renew. CSCs and normal stem cells (NSCs)
have similar original signal transduction systems. These systems play a functional
role in self-renewal and differentiation. The main difference between them is the
program change in CSCs regarding the regulation process of signal transduction.
Signal transduction systems regulating the self-renewal system of NSCs lead to tumor
formation when there is a systemic problem. For example, pentaerythritol tetranitrate
(PTEN) causes proliferation of stem cells. On the other hand, the loss of the tumor
suppressor gene in PTEN initiates myeloproliferative disease (Reya et al. 2001).

The CSC hypothesis states that CSCs arise from mutations of specific stem cells
or progenitor cells (Fig. 16.3). According to the hypothesis, not all of the cells are
capable of proliferating and ensure continuity of tumor. A small subset of cells
known as CSCs may be replicated and renew itself. In recent studies, CSCs have
been reported in blood, breast, brain, spleen, head and neck, colon, skin, and ovarian
cancers. Tumors caused by mutations of stem cells are heterogeneous, and more
metastatic. On the other hand, tumors caused by mutations of the progenitors are
more homogeneous and less metastatic (Woodward and Bristow 2009).

Data derived from recent studies suggest that solid tumors are heterogeneous in
terms of proliferation and differentiation. With metastatic spread, malignant clus-
ters of heterogeneity similar to that of the primary tumor are observed. This feature
can be explained by the CSC hypothesis.
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Fig. 16.3 Cancer stem cell development

The microenvironment allows the homeostasis of stem cells. There is a continuous
interaction between stem cells and other elements of the microenvironment, meeting
the needs of differentiated cells. the microenvironment protects stem cells from dif-
ferentiation and apoptotic stimuli and provides a stem cell reserve lifelong. It also
protects from excessive proliferation of stem cells. It regulates the rest—activity cycles
of stem cells. CSCs escaping cancer therapy may sleep in microenvironment niches
for many years. These cells may be awakened with a stimulating signal, reactivated,
replicated, and differentiated to metastatic foci similar to the primary tumor. CSCs
and niches form the “CSC compartment” (Hinohara and Gotoh 2010).

The CSC compartment plays an important role in the onset of disease, resistance
to treatment, and development of metastatic disease. One of the most important
aspects of treatment is targeting the CSC compartment without causing any toxic
effects to normal stem cells. Cancer therapy that reduces the number of stem cells,
without radically destroying the stem cell niche, may cause reproliferation of stem
cell niche compartment with addition of new cancer stem cells (Morrison et al.
2008). Another problem encountered in the treatment of cancer is the difficulty of
destroying the CSC compartment.

There are a number of features common to normal SCs and CSCs. Both cells
have the ability of self-renew and overproliferate. Tumor cells occurs as uncon-
trolled cell proliferation, whereas normal cells appear in a tightly controlled process
regarding embryogenesis, organogenesis, protection, and repair of adult tissues.
Both cell types have long-lasting life cycles with active antiapoptotic pathways and
telomerase activity. These features lead to mutations in stem cells that make them
prone to genomic instability (Hiyama and Hiyama 2007).
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Fig. 16.4 Role of cancer stem cells in cancer therapy

16.6 Cancer Stem Cells and Cancer Therapy

The reason for only temporary improvements after conventional cancer treatments,
such as cytotoxic chemotherapy and radiotherapy, is the development of resistance
in CSCs and the inefficacy of the current treatment methods. One recent study
showed that CSCs are more resistant to treatment with chemotherapy and radiation.
The initial response to these treatment models are generally satisfactory, but CSCs
that could not be destroyed with the treatment may proliferate and develop into
cancer (Fig. 16.4). Although an inadequate response is initially achieved with the
treatment of stem cells, the tumor nevertheless declines and eventually disappears
(Diehn and Cho 2009). Any method targeting CSCs will definitely contribute to the
radical destruction of cancer.

16.7 Conclusion

Molecular and genetic bases of resistance that may emerge in response to cancer
treatments should be emphasized. Research studies on DNA repair mechanisms
and oxygenation problems should be continued. Decreased apoptosis sensitivity of
cancer cells should be managed. Genetic tests investigating genetic predisposition
and sensitivity should keep pace with progress. Neovascularization should be
avoided, the blood-brain bottleneck should be overcome, intolerance to treatments
and side effects of treatments should be reduced, and metastasis and invasion



16 Problems to Be Solved in Molecular Oncology 251

control mechanisms should be developed. Cancer immunotherapy research studies
should be done. Studies focusing on target molecules to destroy CSCs should be
accelerated.

As we increase our knowledge about the molecular biology of cancer and develop
a collaboration between basic scientists and clinicians, it will be easier to control the
resistance mechanisms and solve the problems with cancer diagnosis and treatment.
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