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Preface

Stem cells, including pluripotent stem cells (PSCs) and adult stem cells (ASCs),
have the ability to differentiate into several cell types, raising the hope for potential
understanding and treating incurable human diseases. Despite the short history of
human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs), they are already in clinical trials for some diseases, suggesting a consid-
erable progress in the field of PSCs. The discovery of iPSC technology as well as
the recent success in establishment of ESCs using somatic cell nuclear transfer
(SCNT) has allowed for the generation of PSCs from somatic cells and has led to
the production of in vitro patient-specific PSCs, which have several applications,
such as in vitro modeling of different diseases, drug screening, and eventually
providing a personalized medicine. On the other hand, ASCs have been in research
use for more than 50 years and have been discovered in many organs and tissues.
ASCs such as hematopoietic stem cells (HSCs) and mesenchymal stem cells
(MSCs) have been used for transplantation-based therapies for several years.
Recently, our knowledge about ASCs has greatly expanded, and there is an
increased interest in their use as a therapy for certain diseases, such as blood
disorders and repair of cartilage and bone defects.

This volume in the important Springer series of cutting-edge contributions in
stem cell research represents a collection of chapters, focusing on some of the
important topics currently being addressed in stem cell field. hESCs have a great
therapeutic potential. However, there are controversies surrounding their use in
research because their generation includes the human embryo destruction. This
issue and others related to ethics and patents in stem research are covered in
Chapter One. Stem cells can differentiate into different cell types, allowing screen-
ing and testing new drugs. This topic is covered in details in Chapter Two.
Chapter Three discusses a genome editing technology, which has recently attracted
more attention in the stem cell field, particularly modifying genomes in patient-
specific iPSCs for disease modeling and transplantation therapy. Chapters Four and
Five describe the potential use of PSCs for modeling of kidney and motor neuron
diseases. The recent progress in the differentiation of PSCs into functional
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pancreatic f cells in vitro as well as their use to model and treat different forms of
diabetes is also covered in Chapter Six. Furthermore, how iPSCs are clinically
applied in cancer is discussed in Chapter Seven. There are several chapters about
ASCs. Chapter Eight summarizes the current knowledge on banking of umbilical
cord blood stem cells. Chapters Nine and Ten discuss the use of MSCs for bone
repair and their cellular interactions during fracture repair stages. Furthermore, the
applications of neural crest stem cells are highlighted and summarized in Chapter
Eleven. Finally, the recent progress in lung stem cell research is discussed in
Chapter Twelve. The chapters were written by world-renowned scientists in the
field of PSCs and ASCs, presenting cutting-edge studies of interest to academics,
physicians, and readers with general interests in the stem cell and regenerative
medicine fields. Thus, this book is valuable for a broad audience.

I would like to extend my gratitude to the authors, who contributed chapters in
this volume. I would also like to thank Kursad Turksen (Series Editor) for inviting
me to edit this volume. I would like to express my appreciation to Aleta Kalkstein
and Michael Koy (at Springer) for assisting me to complete this project.

Doha, Qatar Essam M. Abdelalim
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Chapter 1
Ethics and Patents in Stem Cell Research

Elina Davé, Na Xu, Neil Davey, and Sonya Davey

1.1 Introduction

Henrietta Lacks was a poor African-American woman born in Roanoke, Virginia in
1920 [1]. When she was 31, she had abnormal pain and bleeding and felt a mass in
her cervix. She became a patient at Johns Hopkins’ Hospital where physicians
diagnosed her with cervical cancer [1]. During one of Henrietta’s radiation treat-
ments, a doctor removed samples of her cancer cells, without her knowledge.
Despite receiving radiation and transfusions, she died of uremic poisoning while
at the hospital at the age of 31 [1].

Henrietta’s cancer cell samples were taken to Dr. George Gey’s lab. Gey noticed
that these cells, when preserved under appropriate conditions, did not die, giving
them an “immortal” characteristic [1]. The cells were named HeLa. Gey continued
to distribute HeLa cells to other scientists to help them make advances in their
research [1]. These cells were cloned and shared with many scientists across the
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world [2, 3]. HeLa cells are commercially available and are the basis for 60,000
research papers as well as medical achievements including the polio vaccine
created by Salk.

The telomeres in HeLa cells are not incrementally shortened during cell division,
thereby circumventing the Hayflick Limit and not undergoing senescence.
Although there is much debate about how to classify HeLa cells, various studies
have been conducted to identify cancer stem cell-like populations within HeLa cells
[4]. The story of Henrietta Lacks introduced the complicated and delicate topic of
ethics in immortal cancer cell lines and stem cells.

Lacks’ family was unaware of all the research that involved the usage of HeLa
cells [2, 3]. Later in 2013, without the Lacks family’s knowledge, researchers
sequenced and published the complete genome of the HeLa cell line [2, 3]. Because
of concerns from the Lacks family, the data was initially withheld until the Director
of the National Institutes of Health [5] reached an agreement with the family—the
HeLa Genome Data Use Agreement—where the genome sequence could be
accessed by approved researchers (National Institutes of Health).

In addition, there are 11,000 patents involving HeLa cells. The issue of com-
mercializing a person’s cells was brought to the Supreme Court of California in the
case Moore versus Regents of the University of California, where the court ruled
that a person’s discarded cells are no longer the property of that person and can be
commercialized [6].

Overall, HeLa cells have raised many ethical questions. While scientists dispute
their categorization as a cancer stem cell, they provide an excellent test case of the
first usage of “immortal” cell lines in research.

1.2 Stem Cell Research

1.2.1 Types of Stem Cells

Stem cells are defined as a class of undifferentiated cells that can differentiate into
various specialized cell types. Noncancerous human stem cells can be categorized
into human embryonic stem cells (hESCs), induced pluripotent stem cells (iPSCs),
and human parthenogenetic stem cells (hpSCs) [7]. hESCs come from 4 to
5-day-old human embryos that are in the blastocyst phase of development. iPSCs
are generated from adult somatic cells through the induction of four transcription
factors (Oct4, Sox2, cMyc, KIf4) [7]. hpSCs are formed by parthenogenesis (chem-
ical stimulation of an ovum without fertilization of oocytes that form blastocysts)
[7].1PSCs and hpSCs do not involve the destruction of human embryos, and for this
reason the usage of hESCs has specifically been ethically questioned.
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1.2.2 History of Stem Cell Research

In 1981, Martin Evans from the University of Cambridge located the first ESCs in
mice [8]. Evans was able to demonstrate that embryonic cells were able to regen-
erate fertile breeding mice from tissue culture cells and could carry out mutations
that were introduced to the cells [8]. This concept is the basis of targeted genetic
manipulation and newer developments that have created unique ways to experiment
with mammalian genetics.

In 1998, James Thomson and John Gearhart individually isolated hESCs and
grew hESCs in a lab [9]. Thomson was able to derive and maintain hESCs from
human blastocysts that were produced through in vitro fertilization [9]. Gearhart
was able to derive embryonic germ cell lines [10]. Thomson and Gearhart furthered
their research by conducting animal studies on mice and monkeys, respectively,
using hESCs. hESCs are particularly useful as they can be differentiated into all cell
types in the body.

Embryonic stem cells have various therapeutic potentials including the creation
of tissue that is immunocompatible with the recipient. In January 2009, the Food
and Drug Administration (FDA) approved the first Phase I clinical trial of hESC-
derived tissues for the transplantation of oligodendrocytes derived from hESCs into
spinal cord injured individuals [11].

Later in 2006, Shinya Yamanaka discovered a way to bypass the destruction of
human embryos, and invented iPSCs [12]. Yamanaka converted somatic cells into
iPSCs by insertion of specific transcription factors into skin fibroblast cells
[12]. In 2014, Masayo Takahashi successfully began conducting the world’s first
ever trial of a therapy based on iPSCs, in hopes to treat age-related blindness
[13]. Overall, all of these discoveries have opened many doors for new therapies,
but have also raised interesting ethical questions.

1.2.3 Ethics of Stem Cell Research

Stem cells offer great promise for new medical treatments as they generate viable
cells to replace diseased cells and thus this principle can be applied to regenerate
damaged tissue in humans. However, there is controversy on both the research and
patentability of hESCs. A hESC is extracted from an embryo when it consists of
approximately 250 cells in the trophoblast. The hESCs are taken from the 40 cells
located in the inner layer of the blastocyst. To access the cells, the trophoblast must
be removed, thus preventing further development of the embryo. The notion of
destroying an embryo invited opposition to the research of hESCs because oppo-
nents believed that an embryo is a human life. Questions about stem cell research
have subsequently been raised. For example, is a human embryo at 5 days old
equivalent to a human life? When does a life begin—is it at fertilization, in the
womb, or at birth? Will the potential use of hESCs to cure many human diseases
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justify the destruction of single embryos? Will such hESCs be patent-eligible even
though US patent law has no morality ban on patenting biological materials?
The three key parts behind the ethics of stem cell research are divided into
destroying the human embryo, using the human embryo in research, and creating
human embryos [14].

1.2.3.1 Ethics of Destroying Human Embryos for Research

An argument in favor of hESCs is that there are many therapeutic benefits, in which
case the value of research exceeds the destruction of the embryo. The most basic
argument for why it is unethical to destroy human embryos is that it is equivalent to
the destruction of a human being because of the embryo’s capacity to become a
human being. This has led to various debates about what constitutes a human being,
ranging from fertilization of a one-cell zygote to 15 days after (when monozygotic
twinning occurs) to birth [14]. Right to life groups in the United States believe that
embryonic stem cell research violates the embryo’s sanctity of life. An opposing
argument for why early human embryos are not human beings is that the cells that
constitute the early embryo are homogeneous and within the same membrane,
therefore not a human being. Overall, there is no clear conclusion about when an
embryo becomes a human being [14].

1.2.3.2 Ethics of Using Human Embryonic Stem Cells in Research

There are many situations in which researchers are not directly involved in the
destruction of embryos—in fact, the embryos used in the USA for research today
are from in vitro fertility clinics where the embryos were created but not used
[14]. However, there is a concern that research on hESCs will lead to future mass
destruction of embryos as the results from therapeutic research could lead to
possible breakthrough medical treatments and thereby increase the demand for
hESCs.

1.2.3.3 Ethics of Creating Stem Cell Banks

Most hESCs are derived from leftover embryos which were not utilized during
infertility treatments. However, these leftover embryos are not genetically diverse
enough to address the issue of immune rejection by recipients of stem cell trans-
plants [14]. There could be ways to create embryos by cloning technologies and
through the creation of stem cell banks. However, both these approaches have
ethical concerns. In the case of stem cell banks, for example, there is a concern that
there will be a need to obtain thousands of eggs to prepare cloned embryos, which in
turn could result in abuse of women who provide the eggs [14].
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1.3 US Governmental Guidelines on Stem Cell Research

The ethical debate over research involving embryonic stem cells began in 1973
when the Supreme Court ruled in Roe vs. Wade, 410 U.S. 113 (1973), that a fetus is
not considered a person with rights, under the 14th Amendment, and legalized
abortion [15]. This historic decision activated opponents as they considered abor-
tion to be destruction of life and later opposed stem cell research. In 1974, Congress
initiated a temporary suspension on federally funded clinical research that used
human embryos until national guidelines could be established [15]. The
U.S. Department of Health and Human Services also mandated regulations and
denied funding for therapeutic research using human embryos. Federal government
policymakers provided limited funding for any research with human embryos due
to the conception and birth of the first “test tube” baby, Louise Brown, by in vitro
fertilization (IVF) in 1978 [15].

Almost two decades later, under the National Institutes of Health Revitalization
Act, President Clinton and Congress gave the NIH direct authority to fund human
embryo research for the first time in 1993 [16]. NIH established a Human Embryo
Research Panel consisting of scientists, ethicists, public policy experts, and patient
advocates to establish the eligibility criteria for providing federal funding [16]. The
panel proposed that federal funding should be provided for research to obtain stem
cells from the destruction of spare embryos from fertility clinics. President Clinton,
however, rejected parts of these recommendations; he directed NIH to allocate no
funding for experiments that would create new embryos specifically for research. In
1996, due to the Dickey—Wicker Amendment, the U.S. Congress passed a rider
attached to the appropriation bill banning the use of federal funds for either creating
or destroying human embryos [16]. President Clinton signed this bill, thus limiting
embryo research to the private sector.

In 1998, James Thomson of the University of Wisconsin and John Gearhart of
Johns Hopkins University successfully cultured and created the first hESC lines
using private funds [16]. This was an historic achievement and the NIH realized the
value of this milestone to revolutionize the practice of medicine to treat conditions
like Parkinson’s, heart disease, diabetes, and spinal cord injury [16]. However, the
research to treat these conditions required long-term federal funding, which was
blocked by the Dickey—Wicker Amendment.

Harriet Rabb, the General Counsel at the Department of Health and Human
Services, provided a legal opinion to the NIH in favor of the funding of human stem
cell research [16]. She maintained that if the derivation of the hESC lines was
funded privately, then federal funding of later research would not pose a problem
regarding the creation of embryos. She concluded that a hESC was not legally an
organism, as it cannot develop into a viable embryo outside the uterus, and
therefore not covered by the Dickey—Wicker Amendment [16]. In 1999, President
Clinton strongly endorsed the new guidelines and the NIH began to accept research
proposals from scientists. Therefore, the Clinton Administration first opened the
door for federal funding at this time [16].
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President George W. Bush adopted a conservative interpretation of Harriet
Rabb’s opinion. He announced that federally funded embryonic stem cell research
would be allowed only on stem cell lines that were derived prior to August 9, 2001,
the date of his address [16]. The Bush Administration ordered an official with-
drawal of federal funding guidelines that the Clinton Administration had authorized
and reduced the funding for stem cell research [16]. The policy was restrictive as
only 21 cell lines were viable over the period of President Bush’s two terms,
reducing access to basic material required to conduct stem cell research. During
the period from 2005 to 2007, Congress tried twice to overturn the ban on federal
funding but President Bush vetoed the bill both times [16].

In the meantime, stem cell research continued in private sectors and shifted from
federal funding to state or overseas funding for research initiatives. In 2004,
California and New Jersey were the first two states that approved stem cell research
funding. They were followed by Connecticut, Illinois, Maryland, New York, and
Wisconsin over a period of 2 years [17]. The federal funding restrictions also
provided a motivation for scientists to use adult cells that did not require destruction
of the embryo.

In 2009, President Obama lifted the ban on federal funding of newly created cell
lines as long as the embryos used were not created solely for the purpose of
conducting research and ethical guidelines set by NIH were followed [17].

A few weeks after the new NIH guidelines were in effect, a few plaintiffs,
including two adult stem cell researchers, James Sherley and Theresa Deisher,
filed a lawsuit against the Department of Health and Human Services and the
NIH claiming that the federal funding is in violation of the Dickey—Wicker
Amendment [16]. They were both against embryonic stem cell research and
believed adult stem cell research funding would decrease due to an increase in
embryonic stem cell funding. The Chief Judge Royce Lamberth dismissed the case,
but after an appeal, the case was reversed and was sent back to him for reconsid-
eration. After reviewing the case in 2010, Chief Judge Lamberth granted an
injunction stopping government funding of hESC research; he decided that
Rabb’s logic against Dickey—Wicker Amendment was not correct. In the meantime,
the NIH put a hold on new research grants and renewals until the appeal was
resolved by the Justice Department. The Washington D.C. Court of Appeals
blocked the temporary injunction by Judge Lamberth and allowed federal funding
to continue in the interim [16].

On July 27, 2011, Judge Lamberth issued a ruling that the US Government can
continue funding embryonic stem cell research and threw out the 2009 lawsuit. The
Lamberth ruling was a relief for many scientists. During the 2011 fiscal year, by the
NIH’s estimates, federal funding for human non-embryonic stem cell research and
hESC research was $358 million and $126 million, respectively [16].

Since the ruling in 2011, there have been several attempts to overturn the
decision and stop federal funding for stem cell research. On August 24, 2012, the
U.S. Court of Appeals for the D.C. Circuit upheld a lower court ruling that
dismissed a lawsuit challenging the Obama administration’s expansion of federal
funding for stem cell research. In addition, the Supreme Court declined to hear the
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case on January 7, 2013, by Sherley and Deisher, and upheld the previous ruling of
the D.C. Circuit Court’s ruling in 2011 [17]. This was a major victory for the
scientific community pursuing innovative research on stem cells.

Currently, the NIH has invested more than $500 million in hESC research.
Scientists conducting the research maintain that continued federal funding will be
necessary to make progress in this field. In particular, they would have greater
flexibility to conduct collaborative work within labs, across labs, and around the
world on the latest treatments and breakthroughs.

1.4 Debates on Patenting of Stem Cells in the United States

A hot debate on the ethics of patenting human embryonic stem cells (“human
ESCs” or “hESCs”) started in 1998 after the University of Wisconsin obtained its
US patent on the isolation and culture of hESCs. Although moral dilemmas, federal
funding of stem cell research, and media attention all have fueled the intense
debate, since the inception of the debate, the focus has always been the source of
hESCs, impediment to research, and control of the hESCs market.

1.4.1 Impediment to Research

One aspect of the debate is the impediment that stem cell patents impose on stem
cell research. The United States Patent and Trademark Office (USPTO) has granted
hundreds of stem cell-related patents over the years. The owners of these patents
have a legal right to prevent others from making, using, selling, offering to sell, or
importing the inventions claimed in these patents.

Patent owners, such as universities or private companies, may use their patents
themselves, license or control the use of their patents by others, sell their patents, or
enforce their legal rights against potential infringers in a court. Patent owners may
often contract to provide a license to another party to use the patented material or
technology, and may require in return a payment of an up-front fee plus royalties
from sales of any products derived from the licensed technology. Patent owners
may also impose a material transfer agreement governing the transfer of research
material, and may limit the scope of relevant research, publication, and ownership
of resulting technology developed.

Tensions between patent owners and the scientific community have accumu-
lated. With the increase of stem cell-related patents, it is obviously becoming more
and more difficult and expensive for researchers to use stem cell lines and technol-
ogies that are protected by patents. Patent owners therefore have been accused of
restricting the research of stem cells. Particularly, academic researchers who have
less resources to negotiate a patent license are limited to the use of government
funding and stem cell lines from the NIH. In a highly competitive area such as stem
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cell research, the availability of public funding is extremely limited and highly
sought after. Hence, there is an increasing tension between researchers interested in
using patented stem cells and patent owners of stem cell-related patents.

On the other hand, patent owners often argue that their patent right is a legal
right, which the US Constitution recognizes as a way to promote innovations of new
technology. Patents reward inventors with incentives and legal protection. One can
imagine that without patent protection, innovators and investors are less likely to
devote substantial amounts of time and resources into developing new technologies.
In fact, stem cell technologies progressed relatively slowly at first, as it took
17 years from the first successful derivation of the mouse ESC in 1981 to the
breakthrough derivation of human ESCs in 1998 [9, 18]. However, afterwards, with
the increase of stem cell-related patents, it only took 11 years for stem cell
technologies to progress to the first hRESC human trial.

Society should, however, put onus on patent owners on how they should exercise
their rights. Patent owners may exert their patent right, but they also need to loosen
their stronghold and share social responsibilities. In an example, patent owner
Wisconsin Alumni Research Foundation (WARF) began in 2007 to permit aca-
demic institutions to carry out industry-sponsored research involving its stem cells
without a license, and it reduced restrictions on stem cell material transfers between
researchers. If more patent owners join the effort to exert less control, require
reduced cost on their patent licenses, and facilitate rapid exchange of research
material, then the positive and negative effects of patent rights would become more
balanced.

1.4.2 Control of Stem Cells Market Through Broad Patents

Another aspect in the debate is how the control of ESC market by some patent
owners affects the long-term development of the stem cell therapies. Once a patent
owner acquires enough resources and becomes a dominant player in the market, the
patent owner may choose to crush small competitors in the courtroom, rather than
having to compete with their products and services. The potential of developing
successful stem cell therapies may therefore be limited due to the restrictions on
competition by the various stem cell-related patents.

It is also foreseeable that businesses and investors may be less inclined to invest
in the long-term development of the stem cell therapies in the USA, as compared to
other foreign countries, due to the existing patent laws in the USA. Over the years,
patents on stem cells have accumulated rapidly in the USA. They cover broad and
diverse aspects of stem cell technologies, such as culturing methods including
methods of differentiating stem cells and methods of treatment of stem cells,
alternatives to ESCs including tissue stem cells (e.g., Published US Patent Appli-
cation 20050176707), converting differentiated cells to undifferentiated states (e.g.,
WO02001085917), and adult stem cells and ectopic stem cell factors. Because of the
number of method patents on stem cells, businesses and investors who intend to
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develop a stem cell therapy but have no patents of their own will have to obtain
multiple licenses to multiple blocking patents and complementary patents so as to
avoid the risk of infringing these patents. The foreseeable complexity of the
multiple licensing scheme and royalty payments are bottlenecks to the future
development of new technologies in the stem cell market.

1.5 Laws on Patent Eligibility of Stems Cells Worldwide

In a study on the global stem cell patent landscape, it was shown that top three
sources of stem cell patent and applications are through the PCT (19 %), USA
(21 %), and European Patent Office (EPO) (14 %). Other most active countries for
stem cell patent filings were Australia (12 %), Canada (7 %), Japan (7 %), Germany
(3 %), China (2 %), the United Kingdom (UK, 2 %), and Israel (1 %). The remaining
12% of global stem cell filings were thinly dispersed across 53 additional
countries [19]. The laws in a few countries on patent eligibility of stem cells are
examined below.

1.5.1 The US Law on Patent Eligibility of Stem Cells

USPTO has issued a wide range of hESC-related patents in the past. US law
presents no morality-based prohibition to patenting mammalian stem cells (Public
Law 104-99 §128 (1996). In the USA, “any new and useful process, machine,
manufacture, or composition of matter, or any new and useful improvement
thereof” is patent eligible subject matter. 35 U.S.C. § 101. In 1981, the Supreme
Court noted in Diamond v. Diehr that there are three exceptions to patent eligible
subject matter: laws of nature, natural phenomena, and abstract ideas [20].

For a mammalian stem cell to be eligible for patents, it must not fall under any of
the three exceptions, the most relevant of which is the natural phenomena excep-
tion. In Diamond v. Chakrabarty, the U.S. Supreme Court established the precedent
that living biological material is not necessarily excluded from patent eligible
subject matter under § 101 [21]. This decision provides support to patent eligibility
of a wide scope of biological materials in all fields of biotechnology, including
human stem cells.

The AIA, passed in September 2011, presents no direct barrier to patenting stem
cells, but generally provides that “[n]o patent may issue on a claim directed to or
encompassing a human organism [22].” The AIA is the most significant change in
the US patent law since 1952. In terms of stem cells, the legislative history of AIA
provides that under this Act, stem cells are patent eligible, but patent claims
directed to or encompassing a human organism including “human embryo” are
prohibited [23]. However, the AIA does not define the term “human organism.”
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In the future, if the U.S. Supreme Court construes “human organism” to include
“human stem cells,” human stem cells would be patent ineligible.

In Ass’n for Molecular Pathology versus Myriad Genetics, Inc. (569 U.S. ___June
13,2013) (hereafter referred to as the “Myriad decision”), the Supreme Court ruled that
cDNAs are patent eligible, but genes are not [24]. The Myriad decision states, “We
merely hold that genes and the information they encode are not patent eligible under
§101 simply because they have been isolated from the surrounding genetic material.”
Following this case, one argument is that a stem cell is merely “isolated” from the body,
and thus not patent eligible. For example, although the USPTO held the patents as
valid, the Consumer Watchdog and the Public Patent Foundation challenged the
WAREF patents in court on grounds of patent eligibility. In this case, comparisons
were made between the original stem cells and naturally occurring DNA, and the
cultured stem cells and artificial cDNA. Thus far, the US Court of Appeals of the
Federal Circuit, which rather than ruling on the validity of the patents, ruled that as a
third party not directly harmed by the decision, Consumer Watchdog did not have the
legal standing [25].

1.5.2 The European Law on Patent Eligibility of Stem Cells

The restriction on patenting human stem cells in the European Union (EU) is based
on the morality ground. Directive 98/44/EC on the Legal Protection of Biotechno-
logical Inventions (the “Biotech Directive”) regulates the legal protection of bio-
technological inventions across the EU. The Biotech Directive prohibits patenting
any products that used human embryos for industrial or commercial purposes on a
morality ground [26].

In denying WARF a patent on its hESCs, the EPO cited Article 53(a) of the
European Patent Convention (EPC) and Rule 28(c) of the Implementing Regula-
tions. Article 53(a) of the EPC excludes from patentability “inventions that com-
mercial exploitation of which would be contrary to ‘ordre public’ or morality.”
Specific to stem cells, Rule 28(c) declares “uses of human embryos for industrial or
commercial purposes” not patentable. In the decision, the EPO emphasized that it
was not ruling out all patents on stem cells, but only patent filings necessarily
involved destruction of human embryos. The EPO determined the WARF patent
application violated Article 53(a) and Rule 28(c).

In Briistle v. Greenpeace [27], the Court of Justice of the European Union
(CJEU) interpreted the term “human embryo.” The CJEU included into the scope
of “human embryo” not only fertilized human ovum, but also “non-fertilized human
ovum” that is “capable of commencing the process of development of a human
being just as an embryo created by fertilization of an ovum can do so.” In view of
the difficulty in patenting human stem cells in the EU, it is no surprise that there is a
trend for EU inventors to assign their invention for filing for patent protection
abroad [19].
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1.5.3 The UK Law on Patent Eligibility of Stem Cells

The UK patent law also contains a morality exception clause that closely follows
the EPC rule. Recently, this changing scope of “human embryo” due to new
scientific development recently affected a case involving International Stem Cell
Corporation (ISCC). ISCC applied in the UK for two patents relating to methods
where parthenogenesis is used to activate a human oocyte. The UK IPO concluded
using the Briistle decision that because the parthenogenetically derived structure
(parthenote) was analogous to the blastocyst stage of normal embryonic develop-
ment, this fell within the definition of “human embryo,” and so are not patent
eligible. ISCC appealed to the English High Court and argued that a parthenoge-
netically stimulated human oocyte was not capable of producing an embryo due to
its inherent biological limitation, explaining that a parthenote contains only the
maternal nuclear chromosome but no paternal DNA and is known not to undergo
full development to give rise to an embryo. Thus, the CJEU concluded “that
unfertilized human ovum whose division and further development had been stim-
ulated by parthenogenesis does not constitute a ‘human embryo’ [28]. By
narrowing the definition of “human embryo,” the CJEU indirectly reduced the
reach of the WARF decision and the Briistle decision and opened the door of
patenting human parthenote stem cells.

1.5.4 Australia, Canada, Germany, China, and Japan
on Patent Eligibility of Stem Cells

In Australia, Section 18 of Patents Act 1990 [29] provides that a “patentable
invention” under Australian law is one that is a “manner of manufacture,” is
novel, involves an inventive step, is useful, and is not expressly excluded from
patentability under the Act. In general, inventions involving biological materials
may be patented if they have been isolated from their natural state. IP Australia has
indicated that human cell lines are patentable on this basis. However, section 18
(2) of the Patents Act excludes “human beings and the biological processes for their
generation” from patentability under Australian law. It has been suggested that this
provision may prevent patent protection being available for inventions involving
hESCs, but the Act does not define “human beings" or “biological processes for
their generation.” To date, there has been no judicial consideration of this provision.
IP Australia narrowly interprets Section 18(2). As a matter of practice, IP Australia
has developed a policy according to which examiners must refer patent applications
that might fall within a “grey area” to supervising examiners, who then discuss the
matter with a Deputy Commissioner. Currently, this policy covers inventions
involving hESCs.

Canada, like the USA, has no morality exception in its patent law. The Canadian
Intellectual Property Office (CIPO) has issued WARF a patent (Patent
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No. 2190528) for primate embryonic stem cells mirroring the broad claims in the
US patents.

China’s patent law has allowed patents of all stem cells. Recently, China has
made an amendment on the morality clause in its patent law to include an additional
statement that “no patent will be granted for an invention based on genetic
resources if the access or utilization of the said genetic resources is in violation
of any law or administrative regulation.” So far, the impact of this language on stem
cell line patents remains unclear.

German patent law contains a morality exception clause that is virtually identical
to that of the EPC and UK. In contrast to the UK, Germany has interpreted the
morality language more strictly concerning stem cell line patentability.

Japanese patent law has a morality exception provision as well, but notwith-
standing the provision, Japan has liberally granted many stem cell patents, includ-
ing hESCs.

1.6 Summary

In sum, the stem cell field is a rapidly developing and exciting field that presents
numerous opportunities. Countries around the globe have different positions
regarding the patentability of stem cell lines. Besides differences in specifics of
patent law, legal and ethical considerations all continue to shape the landscape of
the stem cell patent policies.
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Chapter 2
Stem Cells for Drug Screening

Hee Young Kang and Eui-Bae Jeung

2.1 Introduction

2.1.1 General Concepts About Stem Cells

Stem cells are distinguished from other cells by two essential abilities. Specifically,
they can generate identical copies of themselves, or self-renew, and are able to
differentiate into any of the three germ layers (endoderm, mesoderm, and ecto-
derm). Differentiation is the process through which cells acquire new morpholog-
ical and functional characteristics [1]. Terminally differentiated cells, which
account for most cells in the body, do not have the ability to self-renew or
differentiate (referred to as stemness).

Stem cells can be classified as totipotent, pluripotent, multipotent, and unipotent
according to their lineage potentials. Totipotent cells proceed from early embryonic
cells within the first couple of cell divisions after fertilization, and are capable of
forming all cell types, including extraembryonic, or placental cells. Pluripotent
cells can differentiate into every type of cell found in the body, except for placenta
and amniotic sac cells. Multipotent cells can only give rise to more than one type
within a related group of cell types, and are therefore more limited than pluripotent
cells. Unipotent cells are only able to differentiate into one type of cell.
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2.1.2 Classification of Stem Cells

Stems cells are categorized as embryonic, adult, and induced pluripotent stem cells
based on their developmental status. (1) Embryonic stem cells (ESCs) are plurip-
otent cells isolated from the inner cell mass of the blastocyst stage [2]. ESCs have
long-term self-renewal, being able to divide and proliferate for a year or longer in
the laboratory while remaining in their undifferentiated state. Appropriate condi-
tions and environmental factors are required during culture to maintain an undiffer-
entiated state of ESCs. (2) Adult stem cells (ASCs), which are also known as
multipotent adult progenitor cells (MAPCs), are undifferentiated cells found within
various tissues of the body that function in homeostasis and repair of tissue when
needed. Microenvironments in which ASCs are found are known as stem cell
niches. ASCs contain the major limitation of only being able to differentiate into
cell types of the original tissue/organ-related group. Mesenchymal stem cells
(MSCs) are a special type of ASC that have been found in approximately
30 other tissues, including bone marrow [3], brain [4], liver [5], skin [6], adipose
[7], skeletal muscle [8], and blood [9]. MSCs can differentiate into other somatic
cell types or mesenchymal tissues, including osteoblasts, adipocytes, chondrocytes,
endothelial cells, skeletal myocytes, glia, neurons, and cardiac myocytes. For these
reasons, the definition and potential of MSCs remain controversial. (3) Induced
pluripotent stem cells (iPSCs) are adult cells that have been reprogrammed to an
embryonic stem cell-like state by introducing and inducing expression of certain
embryonic genes (e.g., OCT4, SOX2, KLF4, and c-MYC). These cells also have
pluripotency. Nuclear reprogramming has been conducted using techniques such as
somatic cell nuclear transfer (SCNT) [10], altered nuclear transfer (ANT) [11], cell
fusion (i.e., fusion of skin cells with hESCs) [12], and virus-mediated transfection
of four defined transcription factors [13].

2.1.3 General Application of Stem Cells

Stem cells have been applied to gain (1) a basic mechanistic understanding of how a
stem cell regulates the genome and cellular functions (e.g., cell proliferation in a
symmetrical or asymmetrical fashion, differentiation, apoptosis, immortality, and
senescence), as well as for (2) regenerative medicine or stem cell therapy, (3) drug
discovery, (4) toxicity testing of pharmaceuticals and stem cell therapy, (5) genetic
therapy, and (6) to determine the role of stem cells in stem cell-derived diseases and
the aging process [14]. In this study, we investigated the use of stem cells in the field
of toxicology. In this field, multiple scientific disciplines as well as specific
concepts and techniques have been employed to examine specific mechanisms of
drugs or agents that induce acute or chronic effects. Toxicity tests contain multiple
end points (e.g., molecular, biochemical, cellular, physiological, and pathological),
or morbidity and mortality of the organism.
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2.2 Necessity for Alternative Tests Using Stem Cells

Industries that are required to perform toxicity tests pay attention to alternative
methods for replacing and screening methods used to investigate developmental
and reproductive toxicity instead of animal-based toxicity tests. Research regarding
alternative methods has been conducted in response to two European regulations. In
2003, the EU passed a law banning the testing of cosmetics and their ingredients on
animals, which was reinforced by marketing bans with different deadlines. The
Cosmetics Directive was conducted to protect and improve the welfare of animals
used for experimental purposes, as well as to promote the development and use of
alternative testing [15]. Six years after this directive became effective, animal
experiments for cosmetic products and ingredients were completely banned,
which was reinforced with a marketing ban in the EU in 2009, except for purposes
such as toxicokinetics, repeated dose toxicity (RDT), skin sensitization, carcinoge-
nicity, and reproductive toxicity [16].

In addition, the REACH (Registration, Evaluation, Authorization and Restric-
tion of Chemical substances) legislation was implemented to reduce the increased
use of animals for toxicity induced by environmental factors such as industrial
chemicals, food additives, and cosmetics, especially for developmental toxicity
testing [17]. Therefore, it is essential to develop and validate in vitro and in silico
alternative methods for replacement of in vivo developmental toxicity studies
[18]. Many in vitro methods such as the embryonic stem cell test (EST), rodent
whole embryo culture assay, and chicken embryotoxicity test [19, 20] have been
developed to evaluate the toxic potential of chemical substances during the devel-
opment. Alternative tests of developmental toxicity should be able to assess poten-
tial effects over the various stages [21]. Toxicity tests using stem cells are suited to
evaluation of toxic effects on early embryo development and do not require the use
of primary animal tissues.

2.3 Production of Stem Cell-Derived Cell Types
for Pharmacological and Toxicological Screening

The derivation of mESCs was first reported in 1981 [22, 23], but the derivation of
hESC lines was not reported until 1998. hESC lines are derived from extra embryos
produced by in vitro fertilization (IVF). The generation of hiPSCs from human skin
cells in 2007 provided opportunities for scientists to overcome the ethical concerns
associated with human embryos.

The unique ability of stem cells to regenerate themselves and different tissues of
the body has fascinated scientists, and allowed pharmacological and toxicological
screening. ESCs are expected to dramatically improve the ability to screen for side
effects of new drugs much earlier in the developmental process, and ESCs and
iPSCs differentiated along particular pathways are useful for screening cell type-
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specific toxicities such as cardiotoxicity, hepatotoxicity, nephrotoxicity (Chap. 4),
and neurotoxicity (Chap. 5) as preclinical models. However, the concept of large-
scale/high-throughput stem cell-based toxicity screens has several limitations that
have hindered the establishment of these cells.

2.3.1 Reprogramming

Owing to development of methods introducing reprogramming factors (e.g., OCT4,
SOX2, KLF4, C-MYC, NANOG, LIN28, and REX1) to the cells, somatic cells
from a patient (e.g., skin fibroblasts, hair follicles, or whole blood) can easily be
used to establish iPSC lines that are free from viral transgenes and genetically
identical to the patient via non-integrating genomic approaches [24-27]. The fol-
lowing methods considering cell permeability, non-immunogenicity, easy synthe-
sis, cost-effectiveness, and reversible effects of transfection reagents and genetic
materials have been used in the reprogramming process: single/multiple transient
transfections, excisable and non-integrating vectors, proteins and direct protein
transduction, modified RNA, mRNA-based transcription factor delivery,
microRNA transfections, plasmid and episomal vectors, chemical compounds,
and small molecules.

2.3.2 Differentiation Reproducibility of Stem Cells

Reliable and reproducible differentiation protocols are important to obtaining
specific cell types for drug development or safe pharmacology. Providing a contin-
uous supply of well-defined and differentiated cells without variable contamination
by precursor cells remains a significant hurdle that has only been achieved with a
few cell types. Improvements in methods to increase the yield of differentiated cells
are continuously being reported [28].

2.3.3 Achieving Mature Phenotypes

A major unresolved problem is caused by the fact that cells differentiated from
pluripotent stem cells using currently available protocols are immature compared to
their adult counterparts. In PSCs-derived cardiomyocytes, the cells are more similar
to fetal than adult cardiomyocytes in that they lack a fully developed transverse
tubule system [29], and they undergo spontaneous contractions not found in adult
ventricular cardiomyocytes. Similarly, genomic expression profiling and functional
screening of hiPSC-derived hepatocytes, cardiomyocytes, and neuronal cells have
shown that an immature or fetal phenotype is typically obtained [30-32].
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2.3.4 Heterogeneity and Purification of PSCs-Derived Cells

Differentiated cardiomyocytes are a mixture of cells consisting of atrial-, ventric-
ular-, and nodal-like phenotypes, as well as heterogeneous populations undergoing
differentiation into hepatocytes including sinusoidal endothelial cells, hepatic stel-
late cells, Kupffer cells, and cholangiocytes [33]. While this heterogeneity is an
advantage owing to the possibility to assess physiological properties in multiple cell
types, it acts as a disadvantage in that changes occurring in only one subpopulation
of cells may be diluted. Accordingly, it is essential to collect differentiated cell
subtypes of high purity for high-throughput application. Fluorescence-activated cell
sorting (FACS) or magnetic bead sorting enables isolation of highly enriched
populations from heterogeneous cell populations.

2.4 Developmental Toxicity Screening Using ESCs

2.4.1 Mouse Embryonic Stem Cell Test Validated by
the European Center for Validation of Alternative
Methods (ECVAM)

Developmental toxicology is an important area that investigates undesirable effects
on the development of an organism. Developmental toxicity must consider influ-
ences by exposure before conception, during the period of prenatal development, or
postnatally during the time of sexual maturation, as well as manifestation of
malformations, growth retardation, embryo lethality, and malfunction [34]
(Fig. 2.1). In vitro systems for testing developmental toxicity fall into three classes:
cell cultures (e.g., EST, organ cultures (e.g., micromass assay), and embryo cultures
(e.g., whole embryo culture). The most important advantages of cell cultures are
ease of performance and reduced or no experimental animal use.

During stem cell-based drug screening, formation of embryonic bodies (EBs)
[35] and morphological differences in differentiated cells offer indirect information
on malformation. Growth retardation and embryo lethality can also be assessed by
cytotoxicity tests using MTT, XTT or CCK, and DNA damage tests using comet
assay. Moreover, influences of drugs on function can be evaluated by tissue-specific
features, such as contraction of differentiated myocardial cells (EST), expression of
mature lineage markers (FACS-EST) [36], and promoter activity of specific genes
(Hand1-EST) [37].

The EST [38] is an in vitro validated system designed to screen potential embryo
toxic chemicals during differentiation. This test is based on ESCs, which permit the
classification of chemicals as strongly, weakly, or non-embryo toxic. The EST has
been improved to include supplementary endpoints able to identify effects on the
nervous system [39], skeletal system [40], and cardiovascular system [41] as
suggested by the ECVAM committee. The ability of ES cells to differentiate into
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Fig. 2.1 Principal parameters in developmental toxicity. In developmental toxicity screening,
malformation, growth retardation, embryo lethality, and malfunction are important manifestations
that should be considered during in vitro screening. EST to screen the developmental toxicity of
chemicals observes the formation of embryonic bodies and differences in morphology of differ-
entiated cells to evaluate whether to induce malformation. Growth and lethality are assessed by
cytotoxicity using MTT, XTT, or CCK. Impairment in function of differentiated cells is detected
by contraction of differentiated myocardial cells, expression of tissue-specific lineage markers,
and promoter activity assay. In particular, micromass assays were designed to screen embryo toxic
and teratogenic agents, and the whole embryo culture method is useful for evaluating teratoge-
nicity, delayed growth, embryo lethality, and impairment in partial function

various tissues is capable of screening chemical compounds with teratogenic effects
[42, 43]. Furthermore, experts have advised that metabolic competences be added
to the EST [34].

Mouse ESTs employ mESCs (D3) to represent embryonic tissue and fibroblasts
(3T3 cells), as well as adult tissue. These tests assess three toxicological endpoints:
(1) inhibition of growth (cytotoxicity) of undifferentiated ESCs (ICsy D3) and
(2) 3T3 cells (ICsy 3T3), which represent differentiated cells after 10 days of
treatment. This cytotoxicity is determined by the MTT assay, which is a colorimet-
ric assay that reflects the number of viable cells present. This assay utilizes
dehydrogenase enzymes present in the mitochondria of living cells to convert
yellow soluble substrate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), into purple insoluble formazan product, which becomes seques-
tered within the cells and is measured quantitatively at 500-600 nm using a
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microplate ELISA reader after solubilizing the cell membrane. (3) Inhibition of
ESC differentiation into cardiac myoblasts (IDsq) after 10 days of treatment. To
release from the undifferentiated stage, ESCs form EBs and differentiate into
cardiomyocytes under appropriate conditions. Contracting cardiomyocytes mean
to differentiate into the specialized cell types such as sinoatrial node, atrial, and
ventricular cells, and to contain the intact functional interplay between these cell
types. Spontaneous contraction of differentiated cells is measured by light micros-
copy and is an endpoint of EST. Concentration—response relationships are recorded
and 50 % inhibition concentrations including ICsq D3, ICsy 3T3, and IDsq are
determined for the three endpoints.

To validate in vitro embryotoxicity tests, the EST applies 20 potentially embryo
toxic chemicals selected from a published list recommended by the US Teratology
Society. These are then categorized into three classes of in vivo embryo toxicity,
strong, weak, and non-embryo toxic [44]. These chemicals were selected according
to high quality in vivo data obtained from both animal tests and human pregnancies.
The embryotoxicity potential of chemicals is classified by statistical models using
the half-maximal inhibition (ID50) value of inhibited differentiation of ESCs and
IC50 values of decreased viability of 3T3 and ESCs after 10 days of exposure.
These EST provided a correct classification of the embryo toxic potential of 78 % of
the test chemicals, as well as a predictivity of 100 % when only strong embryo toxic
chemicals were considered. In the prevalidation study, the standard operating
procedure (SOP) of the EST was successfully transferred to other laboratories in
Europe and the United States [45].

2.4.2 Handl-Luc EST Based on a Luciferase Reporter Assay

The EST by ECVAM evaluates cardiac differentiation toxicity by counting the
beating of embryonic bodies. However, this EST undergoes laborious manipula-
tions, requires experimental expertise, and requires a minimum of 10 days to obtain
results. Therefore, a new EST based on a luciferase reporter gene assay was
established by successful stable transfection of mESCs (D3) containing the pro-
moter region of the heart and mneural crest derivatives expressed transcript
1 (Handl) or cardiomyopathy associated 1 (Cmyal) gene at the upstream of the
luciferase reporter gene. These tests were found to be capable of assessment 6 days
after treatment with test chemicals [46] in 2011. These ESTs are more rapid and
easier, called Hand1-Luc EST and Cmyal-Luc EST, respectively.

Handl is a basic helix-loop-helix transcription factor known to be essential for
heart development and to show dynamic and spatially restricted expression patterns
during development of the heart [47]. Cmyal, which is found in chicken striated
muscle, is an intercalated disk protein related to cardiac morphogenesis [48]. Up- or
downregulation of these genes was also observed during differentiation of mESCs
into cardiomyocytes and neurons by DNA microarray analysis, and altered by
embryo toxic chemicals [49]. Hand1/Cmyal-Luc EST using a 96-well plate with



22 H.Y. Kang and E.-B. Jeung

Day 0 Day 6

. : -
Cell differentiation
Hand1-ES-ID.
.,2 (Measurement of luciferase activity) [ =0
[ 8 i
3 Cell proliferati
ol K ell proliferation o
‘ ° ‘ HandiEs (Measurement of cell viability) Hand1-ES-1Coo
> \ /
II _“g Ny
] Cell proliferation "
(Measurement of cell viability) DA
S

mﬁs Detection of luminescence

Fig. 2.2 Schema of the Hand1-Luc EST. To evaluate the developmental toxicity potential of
embryotoxicants, Hand1-Luc EST has three endpoints with a 96-well microplate system and uses
Handl promoter-transgenic mouse ESCs (Hand1-ES). Inhibitory effects (Hand1-ES-ID50) on
cardiac differentiation are measured by chemiluminescence according to the luciferase activity
of Hanl-promoter. Cytotoxic effects on 3T3 fibroblasts (3T3-IC50) and transgenic mouse ESCs
(Hand1-ES-IC50) were assessed by chemiluminescence

Hand- or Cmyal-ESCs consists of three endpoints (Fig. 2.2). Inhibitory effects on
(1) differentiation of the transgenic ESCs and cytotoxic effects on (2) transgenic
ESCs and (3) differentiated 3T3 cells were measured by detection of chemilumi-
nescence. First, 24 chemicals that had been well characterized as embryotoxicants
in vivo were evaluated by these EST at day 6 [46]. The reproducibility of Hand1-
and Cmyal-ESTs was then investigated by comparing a set of six well-known
chemicals at four different laboratories [50]. Consequently, the luciferase signal
obtained with Handl was found to be much higher than that obtained with the
Cmyal gene. Adopted Hand1l-Luc EST reduced the incubation time from 6 to
5 days (120 h). This method can be more easily performed without complex (e.g.,
formation of EB) and delicate (e.g., observation of beating) manipulation.

2.4.3 Limitations and Improvement of EST

The EST classified 20 test chemicals as non-, weakly, or strongly embryo toxic, and
provided 78 % accuracy for estimation of embryo toxic potential based on a
prediction model reflecting ESC (D3) viability, ESC (D3) differentiation, and
3T3 cell viability. However, it showed low predictability in a second study, with
only 2 out of 13 test chemicals correctly classified. Therefore, the consortium of the
ReProTect project questioned the applicability of this prediction model and
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recommended other test systems to assess the embryo toxic potential of compounds
containing toxicity by metabolic activation [51]. EST also has several limitations;
specifically, it consists of laborious and time-consuming steps such as hanging-
drops to form EBs for differentiation initiation, exclusion of molecular endpoints to
determine cardiac differentiation [52], and lack of information about the morpho-
logical changes induced by the teratogen.

Tissue-specific proteins are expressed in the process of ESC differentiation in
patterns similar to those observed during mouse embryogenesis [43]. For example,
cardiac-specific transcription factor Nkx2.5 is expressed in parallel to the al-
subunit of the L-type Ca2+ channel, followed by the expression of a- and
B-myosin heavy chain isoforms during EB development [53]. As previously
described, the improved EST has applied reporter gene assays using tissue-specific
genes [46, 54]. The EST has also employed the quantifying cardiac markers
a-myosin heavy chain and a-actin via FACS, which is known as FACS-EST.
This method includes molecular endpoints, has the same sensitivity as the validated
EST when applied for classification of ten compounds into three classes, and
decreased test duration [36]. Accordingly, FACS-EST has been suggested as a
new EST toxicological endpoint. Other potential biomarker genes include Pnpla6,
a-fetoprotein, nestin, and Vgfa, which can be useful for evaluating embryotoxicity
in early developmental stages [55].

Transcriptomics and proteomics are also used as endpoints of the EST.
Embryotoxic chemicals elicit changes in the expression profiles of genes and
proteins involved in development or differentiation [56—58]. This method requires
4 days, while EB requires 3 days with EB exposed for one additional day to evaluate
chemicals, and shows 83 % accuracy for 12 tested chemicals (ten correct and two
wrong predictions) [56]. In the same study, assessment using EST biomarker genes
showed 67 % correct prediction (8 of the 12 tested chemicals). Protein markers are
capable of being used to detect embryotoxicity of chemicals [56].

In a recent study, an EST reflecting inhibitory effects of embryotoxicants on EB
growth or size was proposed [35]. The EB size-based EST assesses five toxic
chemicals during formation of EBs, indomethacin, dexamethasone, hydroxyurea,
5-fluorouracil, and cytosine arabinoside, which act as an initiation point of differ-
entiation. This EST microscopically demonstrated that EBs are dose-dependently
reduced at 3 days after treatment with chemicals, and that the morphology of EB
was distorted. However, this EST has not been validated, and therefore only
suggests a cytotoxic point of view for differentiation potential during early embry-
onic development.

The ESC (D3) differentiation assays used in most studies are stand-alone, and
have shown in vitro potency classification of chemicals. Any incorrect classification
by an in vitro assay was likely due to the lack of in vivo kinetic processes. Some
chemicals may be tested at higher concentrations in the EST than could be achieved
in vivo. Therefore, it is important to combine the in vitro model with data describ-
ing in vivo kinetics to better predict developmental toxic potencies. One of the key
in vivo kinetic processes during pregnancy or embryo development is placental
transfer. The transport of compounds through the placental barrier may lead to
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different final concentrations of compounds reaching the fetus. The human ex vivo
placental perfusion model has been used to investigate transport of compounds
across the maternal—fetal barrier [59-62]. However, this method is laborious and
dependent on fresh human placenta. In addition, it is difficult to assess large
numbers of compounds using this method.

Conversely, placental transfer using the in vitro BeWo transport model is easy,
rapid, and inexpensive [63]. When the human choriocarcinoma BeWo b30 cells
were grown on a transwell insert, the cells became polarized and formed a cell
layer, separating an apical compartment from a basolateral compartment,
representing maternal and fetal compartments in vivo, respectively [64]. This
model is designed so that compounds can be transported across the BeWo cell
layer via active transport or paracellular diffusion excluding transmembrane diffu-
sion. The EST combining the ESC (D3) differentiation assay with the in vitro
BeWo transport model is used to predict the relative in vivo developmental toxicity
of five antifungal reagents, ketoconazole, tebuconazole, propiconazole,
prothioconazole, and fenarimol, which cause increased embryo lethality, cleft
palate, reduced fetal weight, and skeletal malformations in animal studies
[65]. This combination EST provides the possibility to better predict the in vivo
developmental toxicity of chemicals than a stand-alone assay.

2.4.4 False-Negative Effects Due to Species Differences

Human embryos are dramatically or specifically different from mouse embryos in
the formation, structure, and function of the fetal membranes and placenta [66]. For
example, humans form embryonic discs instead of a mouse egg cylinder. The
human yolk sac serves important functions such as the initiation of hematopoiesis
during the early stages of gestation, then becomes vestigial during later stages.
However, the mouse yolk sac is a well-vascularized, robust, and extraembryonic
organ throughout gestation. Thus, mice have a limited capacity as a model system
to understand events including the initiation and maintenance of human pregnancy.

Differences in species have been reported in developmental toxicology. For
example, corticosteroids are embryo toxic in mice, but not humans [67]. Con-
versely, drugs such as thalidomide and 13-cis retinoic acid cause severe
malformations during human development, but not in mice or rats [68]. These
differences may be caused by species differences in DNA methylation, DNA repair,
and the expression of genes related to drug metabolism [69]. The risk of false
negatives as a result of interspecies variations in biochemical pathways has been a
primary reason to humanize these developmental toxicity assays. However, cell-
based in vitro assays with high human relevance are urgently needed for preclinical
activities. Such studies should include target identification and validation, screen-
ing of compound efficacy, and safety assessment studies [70]. Since primary cells
or cell lines rapidly lose important functional systems or already lack these prop-
erties, they have limitations when applied to drug screening. Moreover, many



2 Stem Cells for Drug Screening 25

human primary cell types such as cardiomyocytes and neuronal cells are inacces-
sible for various reasons, including ethical problems [70]. Human pluripotent stem
cells provide an important new in vitro model to understand processes such as
infertility, pregnancy loss, and birth defects. [28].

Thus, humanization of EST requires establishment of a hESCs-based cytotox-
icity test. The cytotoxic effects of well-characterized chemicals including
5-fluorouracil (5-FU) and retinoic acid (RA) on hESCs, differentiated hESCs, and
MRCS cells (human embryonic lung fibroblasts) were investigated under various
media compositions [71]. In this study, hESCs (H1) expressed specific RA recep-
tors to a greater extent than MRC-5 cells. These findings demonstrate that plurip-
otent cells show a higher sensitivity to well-known teratogens than fibroblast
cultures, and that the hESCs-based system can reproduce the results previously
obtained from mouse EST. While all-trans retinoic acid and 13-cis RA showed
comparable cytotoxic effects on hESCs, only all-trans RA showed cytotoxic effects
in mESCs in previous analyses [72]. These findings suggest that development of a
hESC-based EST requires evaluation of human-specific developmental toxicity.

In 2014, the developmental toxic effects of embryotoxicants (5-FU and indo-
methacin) and non-embryotoxicants (penicillin G) on undifferentiated hESCs
(H9) were studied using Affymetrix GeneChips. The results showed a remarkable
conversion in expression profiles of genes related to development, cell cycle, and
apoptosis [73]. These findings provide information regarding drug-dependent
changes in undifferentiated hESCs.

In the field of toxicity testing or drug screening, the application of hESCs is
promising since hESCs undergo unlimited proliferation during in vitro culture (self-
renewal) and are pluripotent [74]. However, when employing hESCs in in vitro test
methods, it is important to consider the culture conditions since they are still not
completely standardized. It is also necessary to overcome several limitations.
Specifically, hESCs are generally unable to form new colonies from single cells,
have high variances and a relatively long population-doubling time, and undergo
slower and less organized cardiac differentiation in hESCs than in mESCs [75].

2.5 Tissue-Specific Drug Screening Using iPSCs

Human ESCs, or reprogrammed iPSCs, have unlimited proliferation capacity and
can differentiate into different mature cell types (cardiomyocytes, hepatocytes,
neurons, etc.) through forced directed differentiation protocols. Thus, they offer a
cost-effective and invaluable in vitro human cellular model for assessment of RDT
and toxicity in human target organs (cardiotoxicity, hepatotoxicity, neurotoxicity,
etc). This application prevents the need to sacrifice animals for experimentation
purposes, allows the use of human cells, and avoids false negatives owing to
interspecies differences. Since hESCs recapitulate the most essential steps of
embryonic development, they are useful for embryo toxic studies of how these
differentiation processes are changed by exposure to the tested chemicals.
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However, as mentioned above, the differentiation procedure of hESCs requires
difficult manipulation and standardized protocols. Therefore, iPSC application in
toxicology and drug screening suggests new alternative tests and provides new
chemical safety assessment strategies [76, 77].

2.5.1 Cardiotoxicity Test Using hSCs

Cardiovascular (CV) toxicity contributed to more than a third of safety-related drug
withdrawals from 1990 to 2006 [78], which emphasizes the urgent need for
transformation of preclinical CV toxicity screening cascades. The most general
drug-induced cardiovascular toxicities based on frequency of post-approval adverse
events include arrhythmia, coronary artery disorder, hyper/hypotension, cardiac
disorder, and heart failure [79]. Since these toxicities are all characterized by
disturbance of organ-specific functions, preclinical screening cascades targeting
these risks have been forced to depend overwhelmingly on in vivo models [28].

However, existing preclinical models of in vivo and in vitro cardiotoxicity of
drug candidates have some limitations. For example, telemetrized animals offer
insight into the effects of drugs on heart function, but are expensive and show
suboptimal sensitivity. Additionally, in vitro models that employ Purkinje fibers or
cloned human ion channels show poor accuracy when applied to predict the effects
of drug candidates. Therefore, hSC-derived cardiomyocytes are useful for screen-
ing of new chemical entities for potential cardiotoxicants and QT interval prolon-
gation. The QT interval is the time from the start of the Q wave to the end of the T
wave, and the portion of an electrocardiograph (ECG) that means the time from the
beginning of ventricular depolarization to the end of ventricular repolarization.
Thus, to detect potential effects of drug candidates, prolongation of the QT interval
is a type of disease marker for acquired long QT syndrome and a cardiotoxic marker
in drug discovery and development.

Human ESCs can be differentiated into functional cardiomyocytes by several
protocols [80]. hESC-cardiomyocytes show expected morphological characteristics
such as Z bands and intercalated disks, express various cardiac proteins including
a-cardiac actin, atrial myosin light chain, ventricular myosin light chain, a-myosin
heavy chain, atrial natriuretic peptide, and cardiac troponin T and I, and rhythmi-
cally contract with a longer action potential duration (APD), characteristic of
cardiomyocytes. However, the use of hESCs has limited the potential source of
cardiomyocyte progenitors or immature cells.

Differentiation of iPSC into cardiovascular cells is achieved via a multistep
process that is tightly regulated by developmental signals, epigenetic programs, and
extracellular microenvironments [81], and involves diverse pathways including
BMP, TGF-p/activin/nodal, WNT/b-catenin, and FGF signaling. Global transcrip-
tional profiles of human ESCs and iPSCs are very similar between the beating
clusters derived from them. However, some fibroblasts-specific transcripts are
retained in the iPSCs derived from them. In addition, a large number of these
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genes are expressed at the same level in iPSC-derived, but not ESC-derived, beating
clusters [82]. These findings indicate that the differentiated and highly enriched
iPSC derivatives retain epigenetic memory or specificity of the original cells.

Disease-specific human iPSC-cardiomyocytes act as more accurate predictors of
drug-induced cardiotoxicity than standard human ether-a-go-go-related gene
(hERG, Kvl11.1 potassium channel) expressing HEK293 cells (Table 2.1)
[83]. They are also able to analyze phenotypic and functional features manifested
from changes in the individual genome. In particular, investigations of monogenic
diseases in which a single genetic aberration causes severe deleterious effects on
cellular function have been preferred iPSCs. For example, patient-specific iPSCs
with long-QT syndrome caused by a mutation in the gene encoding the potassium
channel (KCNQI1, KCNH2), sodium channel (SCN5A) or calcium channel
(CACNAI1CQ), or catecholaminergic polymorphic ventricular tachycardia (CPVT)
by a mutation in the gene encoding the calcium channel (RYR?2) or calcium-binding
protein (CASQ2) have allowed investigation of the cell-autonomous pathophysiol-
ogy (Table 2.1) and demonstrated that these in vitro disease models recapitulate key
characteristics of the disorder and are suitable models to assess drug safety and
efficacy [84].

2.5.2 Hepatotoxicity Test Using hSCs

Hepatotoxicity of new therapeutic agents is considered in preclinical and early
clinical development [85, 86], FDA non-approval of new chemical entities, black
box warnings, and withdrawals from the market [87]. The mechanisms responsible
for drug-induced liver injury are only partly understood [86, 88]. Drug-induced
liver injury is often detected after marketing approval when causality is difficult to
identify, financial investment is high, and implications for individual patients are
greatest. Development of methods to predict and prevent hepatotoxicity is needed,
and such methods would reduce drug development conflict and the incidence of
adverse drug reactions.

Various preclinical models are used during drug discovery, such as in silico tools
to predict the chemical reactivity of the parent compound and metabolites, in vitro
cytotoxicity screens using cell lines and primary hepatocytes, and in vivo preclin-
ical models. Cell-based assays assess endpoints for cell health, including mitochon-
drial integrity and function, redox status, membrane integrity, and ATP generation.
However, drug-induced liver injury is not predicted well by the current preclinical
models because GLP toxicology studies, which investigate the relationship between
dose and effects of chemicals on the exposed organism, are not completely con-
cordant with the adverse effects of phase 1 clinical trials [89]. Unexpected adverse
effects in liver are particularly dependent on metabolism and result from idiosyn-
cratic toxicities or interspecies differences [85]. For these reasons, the development
of in vitro screens of human liver function is highly desired.
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Table 2.1 Patient-specific iPSCs derived from somatic cells with genetic disease
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Name | Disease ‘ Defect Donor cell

iPSC lines derived from patients with heart disease

LQT1 Long-QT syndrome KCNQI ¢.G569A Fibroblast Moretti et al.,

(p.R190Q) 2010 [102]

LQT1 Long-QT syndrome KCNQI ¢.1893 del C Fibroblast Egashira

(p-P631fs/33) et al., 2012
[103]
LQT2 Long-QT syndrome KCNH2 c.C1841T Fibroblast itzhaki et al.,
(p-A614V) 2011 [104]
LQT2 Long-QT syndrome KCNH2 ¢.G1681A Fibroblast Matsa et al.,
(p-A561T) 2011 [105]
LQT2 Long-QT syndrome KCNH2 ¢.C526T Fibroblast Lahti et al.,
(p.R176W) 2012 [106]

LQT3 Long-QT syndrome, SCNS5A ¢.5387_5389 in. Fibroblast Davis et al.,
Brugada Syndrome TGA (p.1795 in. D) 2012 [107]

LQT8 Long-QT syndrome, | CACNAIC c.G1216A Fibroblast Yazawa
Timothy Syndrome (p.G406R) etal., 2011

[108]

CPVT1 Catecholaminergic RYR2 c.T7447A Fibroblast Fatima et al.,
polymorphic ventric- | (p.F2483I) 2011 [109]
ular tachycardia

CPVT1 Catecholaminergic RYR2 c.C1217T Fibroblast Jung et al.,
polymorphic ventric- | (p.S406L) 2012 [110]
ular tachycardia

CPVT1 Catecholaminergic RYR2 ¢.T12056G Fibroblast Itzhaki et al.,
polymorphic ventric- | (p.M4109R) 2012 [111]
ular tachycardia

CPVT2 Catecholaminergic CASQ2 ¢.G1183C Fibroblast Novak et al.,
polymorphic ventric- | (p.D307H) 2012 [112]
ular tachycardia

DCM Cardiomyopathies TNTT2 p.R173W Fibroblast Sun et al.,

2012 [113]

HCM Cardiomyopathies MYH7 c.G1988A Fibroblast Lan et al.,

(p-R663H) 2013 [114]

LS LEOPARD PTPN11 ¢.C140T Fibroblast Carvajal-

syndrome (p-T468M) Vergara
et al., 2010
[115]

ARVC Arrhythmogenic PKP2 ¢.T1841C (p.L614P) | Fibroblast Ma et al.,
right ventricular 2013 [116]
cardiomyopathy

ARVC Arrhythmogenic PKP2 ¢.C2484T, Fibroblast Kim et al.,
right ventricular A2483_2489, c.A2013 2013 [117]
cardiomyopathy (p-R672£sX683)

ARVC Arrhythmogenic PKP2 ¢.972 insT/N Fibroblast Caspi et al.,
right ventricular (p-A324fsX335) PKP2 2013 [118]
cardiomyopathy c.A148_151

(p.T50SfsX110)

(continued)
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Name | Disease Defect Donor cell
iPSC lines derived from patients with inherited metabolic disorders
A1ATD ol -antitrypsin SERPINAI p.E342K Fibroblast Rashid et al.,
deficiency 2010 [119]
GSDla Glycogen storage G6PC Deficiency Fibroblast
disease type 1 a
FH Familial LDLR Deficiency Fibroblast
hypercholesterolemia
CNS Crigler—Najjar UGT1A1 Al3bp in exon 2 | Fibroblast
syndrome
Tyrosinemia | Hereditary FAH p.V166G Fibroblast
tyrosinemia type 1
Tyrosinemia | Hereditary FAH p.Q64H Fibroblast
tyrosinemia type 1
Tyrosinemia | Hereditary FAH p.Q64H Fibroblast Ghodsizadeh
tyrosinemia type 1 et al., 2010
GSDla Glycogen storage SLC37A, c.A1124G Fibroblast [120]
disease type 1 a
PFIC Progressive familial | Multifactorial Fibroblast
hereditary cholestasis
CNS Crigler—Najjar UGT1A1 p.L413P Fibroblast
syndrome
WD Wilson’s disease ATP7B p.R778L Fibroblast
(WD)
iPSC lines derived from patients with genetic disease
ADA ADA-SCID ADA p.G216R, Fibroblast Park et al.,
fsSAGAAGA 2008 [98]
GD Gaucher disease type | GBA c.A1226G Fibroblast
11 (p.N370S), ins 84GG
DMD Duchenne muscular | DMD Aexon 45-52 Fibroblast
dystrophy
BMD Becker muscular DMD Fibroblast
dystrophy
DS1, DS2 Down syndrome Trisomy 21 Fibroblast
PD Parkinson disease Multifactorial Fibroblast
DM Juvenile diabetes Multifactorial Fibroblast
mellitus
SBDS Shwachman— SBDS intron2, intron3 Bone marrow
Bodian-Diamond mesenchymal
syndrome cells
HD Huntington disease HTT 72 repeats of CAG Fibroblast
LNSc Lesch—Nyhan syn- Heterozygosity of HPRT1 | Fibroblast
drome (carrier)

¢ chromosome, p protein, A deletion, ins insertion, fs frame shift
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To develop in vitro screens, multiple research groups have generated directed
differentiation protocols toward human SC-derived hepatocytes (hESC-Hep and
hiPSC-Hep), recapitulating key stages of natural liver development, including
definitive endoderm, foregut, hepatic endoderm, bipotential hepatoblasts, and
hepatocyte-like cells [90, 91]. hESCs and hiPSCs are differentiated into hepato-
cytes through a three-stage protocol consisting of a first phase of definitive endo-
derm induction, a second phase of hepatic lineage specification, and a third phase of
hepatic maturation. These approaches based on hepatic embryogenesis involve a
variety of pathways including fibroblast growth factor (FGF10), bone morphoge-
netic protein (BMP4), Wat, activin, and hepatocyte growth factor (HGF) signaling.

Differentiated hESC-Hep and hiPSC-Hep have been analyzed by expression
profiles of transcripts and protein and functional assays. The results of these
analyses showed significant similarities to primary hepatocytes in transcriptional
profile and functional properties, such as albumin and apolipoprotein B100
(ApoB100) secretion, functional bile transport, low density lipoprotein (LDL)
uptake, urea synthesis, cytochrome P450 (CYP) activity (Cyp3A4), and glycogen
storage [92]. However, when hESC-Hep and hiPSC-Hep were compared to fresh
human fetal and adult hepatocytes, both cells were fetal-like, fell short of the adult
phenotype, and upregulated expression of 81 % of phase 1 enzymes, such as alpha-
fetoprotein (AFP, fetal markers) and Cyp3A7 (embryonic P450 activity). Half of
these enzymes are statistically the same as human fetal hepatocytes. These differ-
entiated cells also secrete albumin and metabolize testosterone (CYP3A) and
dextrorphan (CYP2D6), similar to fetal hepatocytes [93].

In another study, hepatic disorder models using disease-specific human iPSCs
closely resembled their native counterparts, recapitulated key aspects of the disease
in question, and demonstrated measurable responses to therapeutic agents. The
hiPSC-Hep can be generated from patients with inherited liver disease [94]. More-
over, pathogenic processes such as accumulation of misfolded proteins (ol-
antitrypsin deficiency (A1ATD), familial transthyretin amyloidosis (TTR)), disrup-
tion of enzymatic activity (glycogen storage disease type la (GSDla), Wilson’s
disease (WD)), receptor dysfunction (familial hypercholesterolemia (FH)), and
infection by hepatitis C virus are reproduced in culture (Table 2.1). This hiPSC-
Hep offers a new avenue to investigate the pathogenesis of these diseases. Each
established individual stem cell population can be treated with environmentally
induced variability in function and used to assess how much of the variability in
drug toxicity is caused by genetic and environmental variations. Moreover, a library
of hiPSC-Hep would be an invaluable model to enable detection of the potential
risk of new therapeutics. Although the development of stem cell-based hepatocyte
toxicity assays reflects the early stage, proof of concept and feasibility studies have
been fulfilled using known toxicants [95]. Determination of the mechanistic basis of
liver toxicity will permit more appropriate testing [28, 96].
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2.5.3 Other Disease-Specific iPSCs

Generation of disease-specific iPSCs obtained from patients should consider pro-
cesses such as reprogramming, differentiation and maturity, heterogeneity, and
purification of iPSCs. Tissue cultures of immortal cell strains from patients are
essential to medical research, but primarily restricted to tumor cell lines or
transformed derivatives of native tissues. Strategies to accomplish nuclear
reprogramming include SCNT, ANT, fusion of somatic cells with ESCs, and
transfection of four defined transcription factors. Among these, methods for pro-
ducing autologous, patient-derived pluripotent stem cells include SCNT and trans-
fection of four transcription factors. hiPSCs and disease-specific hiPSCs are
necessary complements to research using animal models of disease. Although
murine models of human congenital and acquired diseases are valuable, they
offer a limited representation of human pathophysiology and are not sufficient to
mimic human diseases.

For these reasons, researchers have established disease-specific hiPSCs from
patients with various genetic diseases and epigenetic-related disease. Genetic
diseases are classified as monogenic by a single genetic aberration and polygenic
disorders by multifactors or unknown causes [97]. Like iPSC-based models of
cardiovascular disease, including LQT interval and arrhythmias, the following
iPSC-based disease models have been generated and tested in drug development
and discovery: adenosine deaminase deficiency-related severe combined immuno-
deficiency (ADA-SCID), Shwachman—Bodian—-Diamond syndrome (SBDS),
Gaucher disease (GD) type III, Duchenne (DMD) and Becker muscular dystrophy
(BMD), Parkinson’s disease (PD), Huntington’s disease (HD), juvenile-onset, type
1 diabetes mellitus (JDM), Down syndrome (DS)/trisomy 21, the carrier state of
Lesch—Nyhan syndrome (Table 2.1) [98]. Unlike genetic diseases based on the
DNA sequence, the most important epigenetic phenomenon is genomic imprinting.
Abnormal imprinting mechanisms during development provoke epigenetic diseases
such as Beckwith—-Wiedemann syndrome, Silver—Russell syndrome, Angelman
syndrome, and Prader—Willi syndrome. The methylation status in imprinting
genes is maintained during iPSC production via reprogramming and subsequent
cultivation for differentiation [97]. Thus, by comparison of normal and pathologic
tissues and evaluation of the reparative effects of suitable drug treatment for
patients in vitro, hiPSCs obtained from patients can offer an opportunity to reca-
pitulate pathologic human tissue in vitro and a new platform for drug screening.

2.6 Future Directions

The field of stem cell research represents one of the most exciting areas in life
science and is showing rapid and dynamic expansion. (1) In basic scientific
research, stem cells are an attractive system utilized in studies of gene functions
and physiological processes during development. (2) Stem cells are useful in
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Fig. 2.3 Future direction of SCs: personalized therapy. Patient-specific iPSCs have the potential
for use in modeling and treatment of human disease. iPSCs are derived by co-expression of
transcription factors such as OCT4, SOX2, KLF4, and c-MYC in fibroblasts isolated from skin.
The iPSCs can be applied to cell therapy through gene-targeting and drug screening. Gene-
repaired patient-specific iPSCs can be differentiated into normal cell types and transplanted into
defective organs. Moreover, differentiated cardiomyocytes, hepatocytes, renal cells, and neuronal
subtypes from patient-specific iPSCs would be useful for in vitro disease models, and screening of
potential drugs or discovery of novel therapeutic compounds [121]

biomedical research because of their inherent plasticity. Their ability to differenti-
ate into specialized cell types may be useful for regenerative medicine to replace
tissues damaged by injury, disease, or congenital defects. Various stem cell types
such as mesenchymal cells, cord blood cells, adipose tissue cells, and adult stem
cells have been successfully applied in wound healing and tissue regeneration. The
US Food and Drug Administration (FDA) recently approved clinical trials using
stem cells to treat heart disease [99]. iPSCs provide some distinct advantages in a
clinical setting. Since iPSCs are autologous cells from the patient, they do not pose
the same immune rejection risks in medical therapy. (3) In pharmaceutical and
toxicological research, stem cells are powerful tools to evaluate the efficacy, safety,
and hazards of drugs or compounds including developmental toxicity, tissue spec-
ificity, and disease-specific responses.

Similarly, SCs have tremendous potential for use in regenerative medicine and
creation of human disease models for research, therapeutic testing, and drug
screening (Fig. 2.3) [100]. Regenerative medicine is an exciting and rapidly
expanding field that enables replacement of damaged tissues in the human body
through gene editing or cellular transplantation. Patient-derived hiPSCs are able to
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offer customized models of several genetic diseases, disease progression, and
epigenetic-related disease, and to recapitulate different aspects associated with
pathologies after differentiation. Human ESCs and iPSCs are extremely valuable
tools that can be used to discover novel drugs with potential therapeutic applica-
tions and to develop and screen drugs in pharmaceutical and toxicological studies.
Especially, hiPSCs enable personalized therapy through modeling of patient-
specific disease and screening of patient customized drugs.

2.7 Conclusions

Toxicological screening is necessary to assess the safety or hazards presented by
candidate chemicals during drug development. Many toxicological screening
methods have used laboratory animals; however, this poses ethics problems, is
time-consuming and expensive, and has a low success-rate. Various alternatives
such as ex vivo, in vitro, and in silico methods have been proposed to overcome the
disadvantages of animal testing and are being applied to address the 3Rs (Reduc-
tion, Refinement, and Replacement). In vitro methods using cell lines can provide
more rapid, precise, and relevant information than animal studies, and enable
low-cost assessment of pharmaco-toxicological profiling of target drugs because
of their low compound and time requirements [101]. These methods also overcome
interspecies differences and enable assays of high human relevance. Many in vitro
tests deal with primary human cells, immortalized cells, or cancer cell lines;
however, primary human cells are difficult to obtain and cannot predict effects in
early development.

Stem cells have the capacity to self-renew and the ability to differentiate into all
cell types. As previously stated, in vitro assays based on embryonic stem cells have
been introduced and validated, such as the mouse EST suggested by ECVAM,
Hand-Luc EST based on a luciferase reporter assay, EST using hESCs and hiPSCs,
and disease-specific EST using hiPSCS that originated from patients. Drug screen-
ing methods using ESCs are useful for evaluating the toxicity of new candidate
drugs during embryonic development, and methods using differentiated ESCs and
iPSCs are suitable for assessing tissue-specific toxicity, although expression profile
is still more similar to fetal than adult cells. Moreover, disease-specific iPSCs
obtained from patients provide an extraordinary opportunity to recapitulate traits
and differences between normal and pathologic human tissue. Additionally, hiPSC
can overcome false-negative effects due to interspecies differences. Overall, these
tests are capable of investigating diseases, developing drugs, and evaluating or
identifying the effectiveness and availability of medication. Although protocols for
differentiation of stem cells into adult like-cell should be developed, drug screening
using stem cells is clearly the most powerful tool for pharmaceutical development.
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Chapter 3
Genome Editing in Human Pluripotent
Stem Cells

Liuhong Cai, Yoon-Young Jang, and Zhaohui Ye

3.1 Applications of Genome Editing in Human
Pluripotent Stem Cells

Human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) are
playing increasingly important roles in biomedical research. The potentials of these
cell types to give rise to all adult cell types greatly facilitate studies of human
development. The fact that iPSCs carry the exact genetic information of the donor
cells from which they are derived offers unprecedented opportunities to study
disease mechanisms. Because their ability to expand while maintaining
pluripotency, human ESCs and iPSCs also provide great alternatives to adult
stem cells for regenerative medicine. To fully realize these potentials in research
and medicine, the ability to efficiently and precisely modify genomes in pluripotent
stem cells is required. Here are some major applications of human pluripotent stem
cells that can be greatly aided by effective genome editing.
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3.1.1 Better Developmental Biology Models

The developments of mouse ESCs and homologous recombination technologies
have revolutionized studies of mammalian genetics and developmental biology
[1-4]. Altering the sequence of a gene-of-interest with gene knockout, conditional
knockout or precise mutation generation in mouse genome followed by analyzing
the phenotypes has become a standard procedure to assess a new gene function. One
of the most effective ways to monitor or to isolate cells of particular tissue types is
to knock-in a reporter gene into the locus of a well-defined tissue-specific gene
under the control of its endogenous promoter/enhancer elements. Expression of the
reporter gene (e.g., green fluorescent protein) in tissue-specific manner facilitates
advanced imaging and flow cytometry analyses. This gene tagging strategy is also
great for tracking and evaluating the expression patterns of a target gene. Since the
first report of human ESCs in 1998 [5], it has been anticipated that the human
counterpart of mouse ESCs will provide a long-awaited system to uncover human-
specific knowledge or to translate what we learned in mouse to human conditions.
Indeed, the human ESCs and the later developed iPSCs have proven to be powerful
systems for understanding normal developmental processes [6]. Varieties of tissue
or cell types have been generated from them using two-dimensional or three-
dimensional culture conditions. Therefore there will be tremendous demands for
the creation of genetically modified pluripotent stem cells, similar to the more
established mouse models, to study gene functions, dissect signal transduction
pathways, and conduct cell lineage tracing (Fig. 3.1).

3.1.2 Disease Modeling and Functional Genomics

Pluripotent stem cells, particularly patient-specific iPSCs, offer enormous potential
for modeling diseases [7]. Although animal studies have been instrumental in
dissecting mechanisms of many diseases, there are fundamental differences
between mouse and man. Human-relevant models are essential for understanding
the basics of diseases and for developing safe and effective drug treatments.
Immortalized cancer cell lines have so far been the main players in human-based
biomedical research. Their limitations, which include significantly abnormal kar-
yotype/ploidy and growth factor-independent proliferation, have already been
realized. In addition, majority of the human diseases do not have disease-relevant
cell lines established. In comparison, two main features of human iPSCs make them
superior choices for disease modeling purposes. First is their unique ability to give
rise to all functional cell types that may play important roles in diseases. Secondly
iPSCs can be derived from various cell types from patients; therefore they retain the
exact patient genetic information. Even for diseases caused by somatic mutations
(i.e., mutations not existing in the patient’s germline or other unaffected tissues/
organs) that are acquired later in life, iPSC can be derived directly from the diseased
tissues for research purposes [8]. Disease modeling using patient-specific iPSCs has
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Fig. 3.1 Genome editing in human developmental biology and human genetics research. (a) The
precision of genome editing and the pluripotency of ESCs and iPSCs can be combined for genetic
studies of human developmental biology. Targeted modifications of gene-of-interest followed by
differentiation can be used to evaluate gene function in development. (b) Gene editing can also be
used to generate improved reporter systems to study tissue-specificity of genetic elements or to
conduct lineage tracing experiment. Reporter/marker genes can be integrated into precise loci in
the genome under the control of endogenous promoter/enhancer elements; expression patterns of
the reporter gene therefore reflect the tissue-specificity of the gene-of-interest
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Fig. 3.2 Human iPSC-based disease modeling and therapy development. Patient-specific iPSCs
carry genetic information of the patients and can be used for disease modeling to understand
molecular and genetic basis of pathogenesis. By genome editing, the disease-related mutations can
be repaired to generate isogenic cell lines to study their precise contributions to disease pheno-
types. The gene-repaired iPSCs may also serve as sources for autologous cell therapies, if
functional cell types (such as transplantable hematopoietic stem cells) can be derived

been reported in many diseases, with the differentiated cell types from iPSCs
recapitulating disease features. These models provide unprecedented opportunities
for dissecting the roles of each genetic mutation and/or polymorphism in disease
predisposition or progression (Fig. 3.2).

An important research application of the patient-specific iPSCs is functional
genomics. The iPSC system, with its tremendous differentiation potentials, serves
as a powerful tool to study functionality of genetic variants such as those discovered
from genome-wide association studies (GWAS). One major obstacle in iPSC-based
functional genomics study is that the direct comparison between patient and control
iPSCs is complicated by the numerous existing genomic polymorphisms as being
revealed by next-generation sequencing [9]. It gets particularly complicated in
studies of acquired or chronic diseases such as cancers and age-related diseases;
the accumulated mutations (both driver and passenger mutations) may impede the
interpretation of the target gene. The best solution to this problem is to generate
isogenic iPSC lines that differ only in the gene-of-interest, similar to the well-
established mouse genetic models (Fig. 3.2). This conceptually straightforward
approach had been technically challenging until the recent breakthroughs in
genome editing technologies.

3.1.3 Cell and Gene Therapy

Because of their unique differentiation capacity, human pluripotent stem cells have
been anticipated to play important roles in regenerative medicine ever since the first
report of human ESCs. The discovery of human iPSCs also paved the way for
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autologous cell therapies, which can avoid the complications associated with
potential immune rejections. Although healthy tissues regenerated from the
patients’ own iPSCs would potentially serve the purposes of repairing the injured
ones, this approach of simple replacement will not be effective if genetic conditions
are the initial causes of the tissue injury. Examples of these diseases include sickle
cell disease, thalassemias, duchenne muscular dystrophy, and amyotrophic lateral
sclerosis (ALS), all of which have underlying genetic defects that prevent the direct
use of patients’ own cells, without genetic modification, for regenerative therapy. In
these cases, the ability to genetically correct the mutations in these patient-specific
iPSCs will be essential for developing therapeutic applications based on pluripotent
stem cells (Fig. 3.2).

Strategies to genetically modify iPSCs include stable gene integration mediated
by plasmid transfection, viral vector-based transduction, and DNA transposon-
based gene transfer. These strategies have their limitations in medicine. For dis-
eases that are caused by loss-of-function mutation of a single gene, supplying a
functional and extra copy of the gene could effectively restore cellular functions
and cure the disease. However, this strategy will not be suitable for diseases that are
caused by the gain-of-function genetic mutations. In addition, the relatively random
insertion of genetic elements in the genome presents risks for insertional mutagen-
esis, which has been responsible for cases of unexpected cancer development after
gene therapy [10-12]. Additional concern regarding the effectiveness of this strat-
egy is that the transgenes delivered through these methods are usually under the
control of other promoters than their own endogenous locus control elements;
therefore a more physiologically controlled transcriptional regulation is lacking,
which may prevent the full therapeutic effect from being reached. For these reasons,
on-site and more precise genome editing is a more preferred way for gene and cell
therapy development.

3.2 Development of Genome Editing in Human
Pluripotent Stem Cells

3.2.1 Conventional Strategies for Targeted Genome Editing
in Human Pluripotent Stem Cells

Despite the tremendous success of homologous recombination in mouse ESCs and
animal models, it was not straightforward to translate the technique into human
pluripotent stem cells. Ever since the first establishment of human ESC lines in
1998 [5], investigators have been attempting to replicate the gene targeting success
in human system. It turned out to be more challenging than original expected and
few laboratories have succeeded before the advancement in designer endonucleases
[13—17]. The main obstacle lies in the fundamental differences between mouse and
human stem cells. These two types of ESCs vary significantly in their sizes and
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culture conditions; but more importantly the human ESCs have a much lower
capacity of forming colonies from single cells than their murine counterpart
[18]. The difference in intrinsic machineries that maintain genomic integrity is
likely an even more significant contributor to the difficulty in human stem cell gene
targeting. The first success of homologous recombination in human ESCs was
achieved in 2003 in the laboratory that first derived them [13]. By modifying the
mouse ESC electroporation conditions that were suboptimal for human cells [19],
the investigators successfully deleted the last exons of hypoxanthine phosphoribo-
syltransferase 1 (HPRTI) gene on X-chromosome in human ESCs using homolo-
gous recombination. Using the same strategy, they also successfully generated
knock-in cell lines in which an EGFP reporter gene is co-expressed with the
OCT4-encoding gene POUSFI. Differentiation experiments showed that the
EGFP reporter, linked to the last exon of OCT4 gene through an internal ribosome
entry site (IRES) element, was expressed in the undifferentiated state and was
subsequently turned off upon differentiation, demonstrating the potential of such
engineered hESC lines in studying gene expression during development
[13]. Although it was a significant technological achievement, the gene targeting
efficiencies in these proof-of-principle experiments are substantially lower than that
observed in mouse ESCs and other human cancer cell lines; 628 human ESC
clones with homologous recombination events were obtained in the HPRTI and
OCT4 targeting experiments, respectively, after transfecting 1.5 x 107 cells
[13]. Along with the technical challenges that were associated with human ESC
culture in the early stage of stem cell research, such a low efficiency was almost
prohibitive for most laboratories to perform homologous recombination in their
favorite genes in human ESCs. Improving genome-editing conditions remained a
priority in pluripotent stem cell research.

The genome editing efficiencies in human pluripotent stem cells had been
steadily increasing in the past decade in part thanks to a better understanding of
mechanisms underlying their survival and proliferation, which in turn resulted in
the development of more advanced and simplified culturing conditions. Com-
pared to the initial culture condition that required mouse embryonic fibroblasts
(MEFs) as feeder cells, several more defined culture systems offer improved cell
proliferation and elimination of feeder cells that can complicate the gene transfer
and genomic DNA analysis procedures [20]. Among the technical developments,
the discovery of the pro-survival effects of a specific rho-associated kinase
(ROCK) inhibitor was one of the most significant in advancing human pluripotent
stem cell research [21]. Addition of the ROCK inhibitor in culture medium
overcomes the obstacle of poor single cell survival and recovery, which was
one of the most serious impediments to advances in many human pluripotent
stem cell-related applications including gene targeting. Higher level of single cell
survival permits higher gene delivery efficiency through transfection. It also
allows easier selection of single clones that have undergone successful genome
editing. Improved gene targeting efficiencies have been observed by integrating
ROCK inhibitors in the culture medium during the process [22]. Although the
overall improvements in culturing conditions, together with enhanced
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transfection technologies, contribute to the higher efficiencies in genome editing
in human ESCs and iPSCs, the most significant contributor is the development of
engineered endonucleases.

3.2.2 Engineered Endonuclease Technology for Improved
Genome Editing

Genome editing has become one of the most exciting frontiers in science thanks to
the innovative tools that have elevated our ability to make precise changes in
predetermined locations in genomes. The new tool set, which is still expanding,
consists of several forms of engineered endonucleases that currently include zinc
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS),
and clustered regularly interspaced short palindromic repeats (CRISPRs). Interest-
ingly, none of these tools was designed to modify the cellular DNA repair machin-
ery. Instead, they were all designed with a common purpose of making DNA strand
breaks at precise genomic locations (Fig. 3.3). The desired modifications to the
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Fig. 3.3 Current designer endonuclease systems for enhancing genome editing. The common
mechanism underlying the ability of designer endonucleases to enhance genome editing is the
generation of DNA double strand breaks (DSBs) at precise genomic locations. ZFNs and TALENs
are both fusion proteins that rely on the catalytic domain of FokI endonuclease to make DNA
cleavage. Therefore they both generate the same type of cohesive-end DSBs with 5'-overhangs.
CRISPR/Cas9 is a ribonuclease, in which the RNA component (single guide RNA) determines the
DNA-binding specificity based on a 20-nucleotide sequence followed by the NGG PAM sequence
(red rectangle). DSBs generated by Cas9 are blunt-ended. CRISPR/Cpf1 differs from Cas9 in their
PAM sequence requirement (TTTN, red rectangle) and the cohesive DSBs after DNA cleavage.
DSB repair by nonhomologous end joining (NHEJ) is error-prone and results in gene disruption by
small insertion and/or deletion. When a homology donor is present, DSB can be repaired by the
high fidelity homology-directed repair (HDR) pathways, which can introduce precise changes to
the genomic location where the DSB was generated
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genome will be generated during the subsequent repair by the cell’s own DNA
repair machinery. That is the basic principle underlying the development of the
current designer endonucleases. In normal or physiological conditions, DNA dam-
ages caused by various factors such as radiation, UV lights, or reactive oxygen
species occur constantly in cells particularly in those that are undergoing active
DNA replication and division. The DNA damages, such as double strand DNA
breaks, need to be repaired by the DNA repair machinery in order to maintain
genomic integrity. DNA double strand breaks in mammalian cells are primarily
repaired by either the error-prone nonhomologous end joining (NHEJ) or the high
fidelity homology-directed repair (HDR) pathways. Although there are distinct
repair mechanisms in either one of these pathways, for the purpose of this chapter,
we will follow the tradition in stem cell research and use the term homologous
recombination to describe the processes of homology-based gene targeting in
human ESCs and iPSCs. The traditional homologous recombination-based gene
targeting developed by Capecchi and colleagues was designed to introduce precise
changes to the genome by introducing into the cell a “donor” DNA template that
includes the desired changes flanked by DNA with identical or high-homology
sequences to the intended site in genome [3]. In the rare events that DNA damages
occur in the genomic region of interest and a DNA repair process is triggered, the
externally introduced “donor” DNA may be used as a template for homologous
recombination-based repair because of the high homology of its sequence to the
genomic region that is being repaired (Fig. 3.3). The limitation of this approach lies
in the rarity, and particularly so in human ESCs and iPSCs, of the DNA damage and
repair events in any given genomic region. Based on experimental observations, it
was hypothesized that if DNA breaks can be induced at desired location in the
genome, the chances of introducing changes to that location will be significantly
increased [23, 24]. This hypothesis is what motivated the efforts to engineer
endonucleases for target-specific DNA strand break generation.

3.2.2.1 Zinc Finger Nucleases

The engineering of ZFNs is the first success in designer endonucleases aimed at
enhancing genome editing [25-27]. The goal was to create an enzyme that can
specifically bind and cut genomic DNA at a pre-designed location. Most of the
natural endonucleases recognize specific DNA sequences; however, their specific-
ity is generally defined by 4-6 nucleotides, too short to be unique within any
mammalian genomes. One such example is the enzyme Fokl, a bacterial type IIS
restriction endonuclease consisting of an N-terminal DNA-binding domain and a
nonspecific DNA cleavage domain at the C-terminus. The binding of the DNA by
its DNA-binding domain, which has a specificity for 5-GGATG-3' sequence, will
activate the DNA cleavage domain, which has no sequence specificity [28-30]. To
take advantage of the DNA cleavage capacity of the natural enzymes, artificial
proteins were created by combining the nonspecific cleavage domain of FokI
endonuclease with DNA-binding domains of zinc finger proteins (ZFPs) that
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usually function as transcription factors. The zinc finger domain contains a tandem
array of Cys2-His2 fingers with each finger recognizing a specific short stretch (3—4
nucleotide) of DNA [31]. A three- or four-finger protein will then be able to
recognize 9 or 12 bp of DNA with specificity. An important feature of FokI that
benefits targeting specificity is the requirement of protein dimerization for the
formation of a catalytically active nuclease complex [29]. This means that in
order to cleave the DNA, a pair of ZFNs must recognize and bind to neighboring
regions with appropriate spacing for the Fokl dimer to be formed. It further
increases the sequence specificity of ZFNs to 18-bp or 24-bp for a pair of three-
finger or four-finger ZFNs, offering a much higher probability of finding unique
sequences in human genome. Further engineering has resulted in the development
of variant ZFNs that cleave DNA only when paired as a heterodimer. These ZFNs
modify a native endogenous locus as efficiently as the parental architecture, but
with a reduced level of nonspecific genome-wide cleavage [32, 33].

It took several years for the technology to be successful in human pluripotent
stem cells after the initial demonstrations of ZFN functionality in animal and
human cells [25, 34]. One major reason is the poor hESC single cell survival and
lack of efficient transfection in the earlier years of stem cell research. The first
report of ZFN-mediated gene targeting in human ESCs utilized non-intergrading
lentiviral vector as the delivery tool for ZFNs [35]. The improvement of single cell
survival by ROCK inhibitor accelerated the research using nonviral delivery of
plasmids encoding ZFNs and donor vectors [21]. In 2009, two reports using human
ESCs and iPSCs demonstrated the utility of ZFNs in precise gene knockout and
reporter cell line generation by simple DNA transfection [36, 37]. Using a human
ES cell line that carries a chromosomally integrated mutant green fluorescent
protein (GFP) reporter gene and a homologous donor vector that can repair the
mutation upon homologous recombination, it was demonstrated that the ZFNs
designed to target sequence inside the GFP gene enhanced gene correction by
more than 1400-fold [36]. This study also demonstrated for the first time the
generation of human ESC lines without detectable alterations in stem cell karyo-
types or pluripotency after ZFN-mediated gene targeting. The enhanced efficiency
facilitated the first gene knockout in human iPSCs at the endogenous phosphatidy-
linositol N-acetylglucosaminyltransferase subunit A (PIG-A) gene, a gene com-
monly mutated in a hematologic disease paroxysmal nocturnal hemoglobinuria
(PNH) [36]. The ZFN technology also enhanced the capability of creating more
faithful reporter cell lines by inserting reporter genes at desired endogenous loci.
With ZFNs designed to target OCT4, a EGFP gene was inserted into human ESCs at
the POUSF I locus with much enhanced efficiency [37]. Because the reporter cell
lines are often used to monitor the differentiation status along human development,
many of the potential targets will be the genes that are not expressed at pluripotent
stem cell stage but rather upregulated upon differentiation. Therefore a key test for
ZFNs is to target in human ESCs and iPSCs the transcriptionally inactive genes.
Initial study showed that EGFP gene can be efficiently inserted into the paired-like
homeodomain transcription factor 3 (PITX3) gene in human ESCs and iPSCs with
the addition of ZFNs. Since PITX3 is a transcription factor only expressed in
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dopaminergic neurons and some other differentiated cell types, this study demon-
strated that ZFN-mediated gene targeting is a robust tool for modifying genes,
regardless of their expression status, to generate cell type-specific reporter
systems [37].

The ZFN is a tremendous success as a proof-of-principle of designer endonu-
clease technology. It will remain a useful tool for genome editing in many systems
including human ESCs and iPSCs. The available reagents that have shown great
effectiveness will be valuable for future research and clinical applications [38—
41]. The drawback of the technology is the difficulty in designing high-quality
ZFNs. Although several strategies have been developed to engineer the Cys2His2
zinc fingers to bind various sequences [27, 42—45], vast majority of the research
laboratories do not have the requisite expertise and resources to design and make
them. Despite the reported success and the commercial sources that are devoted to
ZFN generation, many researchers could not find the optimal ZFNs that target the
desired genomic region(s) that best suit their research purposes. Therefore the
search for additional tools continued.

3.2.2.2 Transcription Activator-Like Effector Nucleases (TALENS)

The TALEN technology was built upon a similar principle to ZFNs: a sequence-
specific DNA binding domain fused to a nuclease domain that has no sequence
specificity [46]. In fact, most of the available TALEN reagents use the same FokI
nuclease as the catalytic domain. The fundamental difference between these two
types of engineered nucleases is at the DNA binding domains. As the name implies,
the DNA binding domain in TALENS originated from the transcription activator-
like effector (TALE), a protein naturally made by Xanthomonas bacteria during
their infection in plants. Once inside the plant cells, the bacterial TALE proteins
bind promoter sequences in the plant genome to activate certain genes that are
beneficial to bacterial infection. The DNA binding domain of TALE has been
studied in detail; it recognizes plant DNA sequences through a variable number
of repeats of around 34 amino acids [47, 48]. Three important features made the
TALE a great template for protein engineering, particularly for the purposes of
making a designer endonuclease. First, there is a one-to-one correspondence
between each repeat and one single DNA base (i.e., a TALE domain of 16 repeats
binds to a stretch of 16-bp DNA with specificity). Second, each repeat of the DNA
binding domain has almost identical 34-amino acid sequences except the two
residues at positions 12 and 13 (also termed repeat variable di-residues or RVDs),
and these two residues appear to determine the binding specificity of each repeat to
the DNA base. Third, the repeat motifs that have sufficient binding affinity and
specificity for each of the four DNA bases (i.e., A, T, C, G) have already been
naturally selected during bacterial evolution. This single-base recognition of
TALE-DNA binding repeats offers far greater design flexibility than zinc finger’s
triplet recognition. Like ZFNs, optimal Fokl domain dimerization and efficient
DNA cleavage require sufficient spacer between the DNA binding sequences of the
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TALEN pair. In general, TALENs prefer a longer spacer (13-30 bp) than ZFNs
(<9 bp) [49, 50], in part due to the larger size of the TALE domain than that of the
zinc fingers. An additional requirement in TALEN design is that each target
sequence must be preceded by a T nucleotide. Due to these constraints, engineering
a pair of high-quality TALENS is more than simple mix-and-match of the available
individual repeat motifs. However, this is not a significant issue for potential
TALEN users because web-based informatics programs have been developed to
facilitate designing TALENS based on the sequence of the desired genomic regions
[49, 51]. Additionally, most of the required reagents for TALEN assembly have
been made readily available by the developing laboratories through the nonprofit
global plasmid repository Addgene (website: http://www.addgene.org). It is there-
fore no longer a significant challenge to make functional TALENs by a regular
research laboratory equipped with general molecular biology expertise.

TALENs have been shown to efficiently facilitate genome editing in many
model systems including human ESCs and iPSCs [49, 52-58]. As with the earlier
technologies, the first TALEN-mediated targeting in human ESCs and iPSCs was
conducted at the POUSFI (OCT4) locus [53]. Similar to the ZFN experiment,
TALENS significantly enhanced genome-editing efficiency. As observed in the
ZFNs experiments [37], TALENSs stimulated genome editing at both transcription-
ally active and inactive loci [53]. Independent studies using ZFNs and TALENS to
target the Z-mutation of alpha-1 antitrypsin (AAT) gene in AAT deficiency patient-
specific iPSCs also demonstrated comparable efficiencies of these two systems in
mediating homologous recombination-based gene repair [39, 59]. Since the single
DNA base recognition of TALE binding repeats offers greater flexibility than zinc
finger’s triplet recognition, statistically there is a higher probability in finding
suitable TALEN binding sequences than ZFN binding sequences in any given
genomic region. This is a significant advantage of TALEN over the current ZFN
technology; it provides a greater power to target disease-associated genetic ele-
ments across the entire human genome. TALEN-facilitated gene corrections have
since been reported in various disease-specific human iPSCs [59—-63], demonstrat-
ing the potential of this technology in developing iPSC-based cell and gene
therapies. For research purposes, it is equally important to create disease-associated
genetic variants in control iPSCs with normal genetic background. Such isogenic
iPSC lines are essential for studying the functional consequences of the genetic
variants [9]. Development of TALENS also contributed to the success of this type of
research that has led to new disease models using human iPSCs [64—66].

3.2.2.3 Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)

Although TALEN provides a powerful alternative to ZFN technology, it is the
discovery of CRISPR that placed genome editing at forefront of media and public
attention [67]. The naturally occurring CRISPR, a type of repetitive DNA elements
as its name suggests, was originally discovered in bacteria in 1987 [68].
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Its biological functions remain mysterious until 2005 when studies suggested, and
2 years later proved, that it serves as a microbial adaptive immune system to destroy
viral genetic elements [69-71]. Numerous studies have then been performed to
detail the components of CRISPR complexes and the mechanisms of the adaptive
immunity mediated by them [72, 73]. At the heart of the type II CRISPR system,
where majority of the current genome editing tools are derived, there is a ribonu-
clease complex formed by the CRISPR-associated (Cas) enzyme, a CRISPR RNA
(ctRNA), and a trans-activating crRNA (tractRNA) [74]. The ctRNA directs the
Cas9 enzyme to a specific region of DNA that has a complementary sequence of its
own. A three-nucleotide (NGG for type II CRISPR, where “N” can be any one of
the four nucleotides) protospacer adjacent motif (PAM) immediately following the
complementary DNA sequence at the 3’ is required for the binding and cleavage
activities of the CRISPR complex [75, 76]. Later it was shown that the crRNA and
tracrRNA can be conjugated into a single guide RNA (sgRNA) that retains the Cas9
guiding function in vitro [77]. After this series of elegant biochemical experiments,
a pair of studies demonstrated the feasibility of CRISPR, engineered from Strepto-
coccus pyogenes type Il CRISPR, in stimulating both NHEJ- and HDR-mediated
genome editing in mammalian cells including human iPSCs [78, 79]. Both studies
also demonstrated a unique advantage of CRISPR over ZFN and TALEN in
mediating multiplexed genome editing; multiple guide RNAs can be delivered to
the cells to target multiple loci simultaneously.

The major difference of CRISPR from the other two systems is that the protein/
enzyme component (e.g., Cas9) does not need to be reengineered each time for a
new target. The targeting specificity-determining component, the sgRNA, can be
easily changed and synthesized. Although TALENSs also have great flexibility in
designing, each TALEN requires re-engineering and the assembly process is more
complicated and time consuming. In comparison, the process of making CRISPRs
is much simplified with significantly reduced costs. The simplicity and multiplicity
had made the system an instant favorite among many research laboratories. Cas9
guide RNA libraries for genome scale loss-of-function screening were generated
shortly after the first reports of CRISPR application in human cells [80, 81]. Data
have been quickly generated to demonstrate the high efficiency of CRISPR/Cas9 in
cell lines and animal models. In comparative studies conducted using human iPSCs,
it has been shown that CRISPRs facilitate a higher genome editing efficiency than
TALENSs [79, 82, 83], providing more incentives for investigators to utilize this
technology. However, studies have also suggested that the efficiency advantage of
CRISPR/Cas9 over TALEN is more significant in inducing NHEJ-mediated gene
disruption, and less significant in facilitating homologous recombination-based
gene modification [83, 84]. The mechanism underlying this phenomenon is not
yet fully understood, but the difference in the type of double strand breaks gener-
ated by these two nucleases (TALEN cleavage generates cohesive-ended DNA
double strand breaks while Cas9 generates blunt-ended double strand breaks) may
be a contributing factor.

Another advantage of CRISPR over ZFN and TALEN is the capability of
specific targeting at a selected allele of a heterozygous gene. Humans are diploid
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organisms because there are two alleles at each genetic locus, with one allele
inherited from each parent. In many genes there are minor DNA sequence differ-
ences, some of which are single nucleotide polymorphisms (SNPs), between the
two alleles. Genetic mutations also often occur in only one allele of a given gene,
which are termed heterozygous mutations. Because the specificity of CRISPR is
determined by a 20-nucleotide sequence in the guide RNA and that single nucle-
otide changes in the 3’ region (closer to the PAM) of the guide RNA may
significantly affect the CRISPR binding, it provides previously unavailable oppor-
tunities to design genome editing strategies that can target one allele with a specific
genotype (e.g., a disease-causing point mutation) without interfering with the other
allele (e.g., a wild-type allele without mutation). The feasibility of this strategy has
been demonstrated in patient-specific iPSCs that carry either heterozygous or
homozygous point mutations [83]. One current limitation of this strategy is that it
can only apply to the genomic regions where the polymorphic nucleotide is within a
short (in general <=5 bp) distance to the PAM, because nucleotide differences
further away from PAM can be better tolerated by CRISPR/Cas9. However,
different CRISPR systems with diverse PAM motifs are being developed
[85, 86], which will make allele-specific targeting feasible in a larger portion of
human genome.

The development of CRISPR technology has already provided more opportuni-
ties for research using human pluripotent stem cells, particularly for generating
genetic models of diseases. So far researchers have successfully applied the
CRISPR technology in human iPSCs to correct genetic mutations, generate muta-
tions, delete a large genome fragment, and create targeted genome rearrangement
[82, 83, 87-92]. In addition to these genome-editing purposes, CRISPR/Cas9 has
been reengineered and repurposed for targeted transcriptional activation, transcrip-
tional repression, and epigenetic regulations [93—102], making it a valuable and
versatile tool.

3.2.3 Major Challenges in Improving Current Genome
Editing Technologies

3.2.3.1 Maintaining Genome Integrity of Human Pluripotent
Stem Cells After Genome Editing

Because human ESCs and iPSCs hold great therapeutic potentials, it is critical to
minimize the negative effects of genome editing on genome integrity of these cells.
The relatively hush conditions associated with gene delivery, whether chemical
transfection or electroporation, together with a long culture period required for
clonal expansion, selection cassette removal, and a secondary clonal expansion call
for the concerns for potential compromise in genome integrity in the resultant cell
lines. This concern has been addressed by cytogenetic analysis, array comparative
genomic hybridization (aCGH), and genome-scale sequencing of gene targeted
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patient-specific iPSCs [22]. It has been shown that no additional mutations or copy
number variations were identified after two subsequent clonal selection events. It is
conceivable to estimate that there is no major increase in risk of accumulating
genetic mutations during the cell culture time required for completing genome
editing than any other routine cell culture [22].

A more relevant concern over the safety of the procedure lies in the potential
off-target effects of the designer endonucleases. Since these nucleases enhance
genome editing by creating DNA strand breaks at predetermined loci, it would be
concerning if off-target binding and cutting occurs frequently at other unintended
loci. In fact, the potential of nonspecific targeting by the earliest designer nuclease
ZFNs has been speculated and observed soon after the first report ZFN-mediated
genome modification in mammalian cells [50, 103]. Compared to ZFNs and
TALENS, the CRISPR technology is far more user friendly for general laboratories
to implement, therefore it is no surprise that the reports of substantial off-target
effects by CRISPR/Cas9 attracted significant attention from both the research
community and the general public [104—107]. These studies were mainly conducted
in transformed or cancer cell lines that are commonly used in research laboratories
for variety of biochemical studies. Because the traditional gene targeting efficiency
in human ESCs and iPSCs is substantially low and therefore more dependent, than
cancer cell lines, on the designer nucleases for precise genome editing, the question
of the fidelity of these tools in pluripotent stem cells became an urgent one. The
stem cell research field quickly moved to address this issue. By whole genome
sequencing of gene targeted human pluripotent stem cell lines, several groups
demonstrated that the off-target effects of both TALEN and CRISPR/Cas9 appear
to be absent or minimal in selected human iPSC clones [108—110]. While there are
technological limitations of these studies that may have prevented them from
revealing the low level of off-targeting, it is reassuring to know that the fidelity
of the current genome editing technologies in human stem cells is significantly
higher than one would predict based on the results from other transformed cell lines.

In the meantime, various strategies have been developed to further enhance the
specificity of CRISPR technology. One such strategy is to decrease the length of the
gRNA-DNA interface, which is based on the observation that the mismatch at the
5’-end nucleotides of the complementary region is more tolerated and the hypoth-
esis that truncating this region could result in lower affinity than what is required for
an off-target binding and cutting. Experimental data supported this hypothesis and
have shown that 5'-end truncated gRNAs are more sensitive to mismatches and thus
more specific while maintaining the on-target activities [111]. Another popular
approach is based on the further engineered CRISPR/Cas9, which has been mutated
to possess only one catalytic domain instead of the original two functional domains
[112, 113]. When two such Cas9-gRNA complexes, also termed “double nickase,”
bind to adjacent sequences at complementary strands, a DNA double strand break
with 5’-overhang will be created. This double strand break will trigger cellular
intrinsic DNA repair system similar to other double strand breaks created by ZFNs
and TALENSs do. However, in order to generate a double strand break, binding of
two Cas9-gRNAs is required because each single complex can only generate a
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single strand nick that will be repaired using the complementary strand DNA as
template. The requirement for two gRNA recognition sequence significantly lowers
the frequency of potential off-target binding. A variant of this strategy is to create a
fusion protein that contains a Cas9 with both catalytic domains mutated and a FokI
catalytic domain, similar to the ZFN and TALEN technologies. In this case, only
the co-binding of DNA by two adjacent Cas9-Fokl complexes will result in
dimerization of FokI which can generate double strand DNA breaks [114].

In addition, advance in bioinformatics will help users to design their TALENS or
CRISPR guide RNAs with the lowest possibilities of off-target binding [107]. Mul-
tiple online programs have been developed by the leading laboratories in this
research area to facilitate convenient and improved designer endonuclease design
(at the time of writing, examples of some comprehensive web-based programs
include: http://tools.genome-engineering.org, http://zifit.partners.org, http:/www.e-
crisp.org). Potential on-target recognition sequences of the TALENs or guide-
RNAs as well as their predicted off-target sites are generally provided by the
programs. These readily available resources have contributed to the popularity of
TALEN and CRISPR in research. One limitation of all these programs is that the
predictions are made based on the sequence of a reference human genome
(or reference genomes of other species of the user’s choice), which has to be
taken into consideration in each experimental design. SNPs occur normally
throughout a person’s DNA. Sequencing studies have demonstrated that on average
there are at least a few million SNPs in the human genome [115], although most of
these variations are found in the DNA between protein-coding genes. Changes in
only a few nucleotides or, in the case of CRISPR, even a single nucleotide can have
substantial effect on the binding affinity and specificity of the nucleases
[116]. When designing experiments and interpreting data, one should take into
consideration that the target cell line may have sequence differences from the
reference genome. If possible, the genomic region of interest should be sequenced
before the planning of experiments.

Although it is unlikely that the technologies will ever be improved to a perfect
specificity, one advantage in human ESC or iPSC genome editing is that the clones
can be fully analyzed by whole genome sequencing along with other functional
assays. This feature will become even more useful when the sequencing technology
is getting more advanced and affordable. Because off-target modifications by these
designer endonucleases will occur as a low frequency event, it will be ideal to
sequence and identify clones with minimal mutation load for downstream
applications.

3.2.3.2 Improving Homologous Recombination Efficiency

For both research and clinical applications, it is often desired to perform homolo-
gous recombination-based genome editing. Precise correction or generation of
genetic mutations and insertion of reporter genes to endogenous loci all require
homologous recombination. Even though the development of ZFN, TALEN, and
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CRISPR has significantly enhanced genome-editing efficiency and enabled many
new applications, the percentages of cells that can undergo desired genome editing
in each experiment remain low. The efficiency of homology donor plasmid-based
gene targeting, currently a main gene targeting strategy in most biomedical labo-
ratories, is another order of magnitude lower than NHEJ-mediated gene disruption
efficiency. Data on the absolute efficiency (number of targeted clones/number of
input cells) of homologous recombination are not yet extensive because majority of
the studies in literature showed only the percentages of ESC/iPSC clones with
targeted integration among selected drug-resistant clones. However, the level of
improvement can still be estimated using data from limited studies. The absolute
efficiency of homologous recombination events in human ESCs using the tradi-
tional gene targeting approach was originally shown to be 4-18 per 10 million input
cells when HPRT and POUSF I loci were targeted [13]. When aided by the latest
genome editing tools, it has been shown that the efficiencies of targeting adeno-
associated virus integration site 1 (AAVS1), Janus kinase 2 (JAK2), or alpha-1
antitrypsin (AAT) loci in human iPSCs were at the ranges of 134—648 (TALEN-
mediated) and 200-595 (CRISPR/Cas9-mediated) per 10 million input cells. The
genomic loci targeted in these studies are different, but it is still reasonable to
estimate that TALEN and CRISPR/Cas9 boost targeting efficiency by 10-100-fold.
Even though the majority cells (>99.9 %) after transfection procedure remain
un-targeted, it may not seem to be a big problem because the drug selection cassette
that is generally included in the targeting donors will help to select the rare targeting
events. With the improved human ESC and iPSC clonal culture conditions, this
magnitude of improvement in efficiency is sufficient for experienced laboratories to
achieve successful gene targeting on regular basis. However, this whole process
including drug selection, clonal expansion, and a second round of clonal selection
after drug selection cassette removal (e.g., Cre-lox recombination) can easily take
several weeks or longer to complete. While this time frame is currently considered
acceptable as routine laboratory practice, it will require significant improvement for
patient-specific iPSC-based cell and gene therapy to become reality. A long wait-
time for patients would not be the only problem; a lengthy and repeated clonal
selection process also increases the possibility of the cells to accumulate and select
for potentially tumorigenic somatic mutations. A significant improvement in
homologous recombination will allow precise genome editing without drug selec-
tion, a process currently of low efficiency [38].

The contributing factors to an overall low homologous recombination frequency
include ineffective gene transfer into the cells, inefficient DNA strand break
generation, and an unfavorable preference for NHEJ repair over homologous
recombination by the cellular DNA repair machinery following the DNA strand
break. Therefore continued improvement in homologous recombination will
require efforts in all these areas. Beside the transfection reagents (e.g., chemical
transfection and electroporation) and transduction systems (e.g., lentivirus and
adenovirus), the form of the endonucleases will also have an impact on the delivery
efficiency. The current standard delivery form of the designer endonucleases is
plasmid DNA that carry the expression cassettes of the protein (and small RNAs in
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the case of CRISPR). Using in vitro transcribed RNAs is an alternative approach
that, with technology improvement in chemical modification of RNA molecules,
may provide better cell survival and protein expression. It also reduces the risk of
unwanted random integration of plasmid DNAs in the genome. More recently, it
has also been demonstrated that preformed Cas9 ribonucleoproteins (i.e., functional
complexes formed by Cas9 protein and guide RNA molecules) can be used for
efficient genome editing [117, 118]. Continued improvement in the latter technol-
ogy will have a positive impact on genome editing because it initiates genome
editing quicker than other forms of delivery by eliminating the delay required for
the Cas9 and guide RNA to be expressed and integrated inside the cells. And
because there are no continuous transcription and translation processes to produce
more CRISPR complexes after the desired DNA cleavage has been produced, using
these preformed complexes could also lead to lower levels of nonspecific targeting.

In the near future, research on the balance between NHEJ and homologous
recombination (or other forms of HDR) will likely draw significant interest from
investigators in genome editing, as it may hold a key to an improved efficiency. A
more complete understanding of the DNA repair pathways can lead to innovative
strategies to tip the balance and promote homologous recombination. Small molec-
ular compounds have already been identified that can affect the ratio of different
types of DNA repair; these compounds, when added into the culture medium during
genome targeting experiments, have been shown to increase either the homology-
based gene repair or the NHEJ-mediated frameshift gene disruption [119-121]. As
discussed in previous section, the type of DNA breaks also has an effect on the
initiation of different type of DNA repair, with cohesive-end double strand breaks
more effectively promoting homologous recombination than blunt-end strand
breaks. The double nickase CRISPR system, which generates DNA double strand
breaks with 5’-overhangs, is likely more efficient in stimulate homology-based
repair than the single standard CRISPR/Cas9 [112, 113]. A new CRISPR family
member CRISPR-Cpfl has recently been reported [86]. It has been shown to
generate DNA double strand breaks efficiently and has several distinct features
from Cas9 including the generation of 5’ overhangs at DNA breaks. Whether Cpfl
is more effective than Cas9 in applications involving homologous recombination
still remains to be determined. It is anticipated that other types of endonucleases
with distinct DNA binding and cleavage mechanisms will be discovered or
engineered in the future, providing diverse and more advanced tools for developing
novel applications of human pluripotent stem cells.

3.3 Conclusions and Future Perspectives

The past few years have seen a rapid development in genome editing technologies.
The engineered endonucleases such as ZFN, TALEN, and CRISPR provide unprec-
edented opportunities to introduce desired changes into genomes. While these
technological developments are anticipated to have broad and revolutionary
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impacts on biomedicine as a whole, they are particularly significant in advancing
human pluripotent stem cell research; the low efficiency of homologous
recombination-based genetic engineering in human ESCs and iPSCs had been a
major roadblock to translating stem cell technologies into effective research tools
and therapies. With the improved genome editing efficiencies aided by these
endonucleases, researchers now have more options to establish precise disease
models, to evaluate links between genetic elements and functional outcomes, and
to develop innovative gene and cell therapies.

There are significant ongoing efforts to further improve technologies critical for
effective and safe genome editing. The designer nucleases, which rely on making
DNA strand breaks to stimulate DNA repair, pose a unique risk of inducing
unwanted mutations and genome instability. Strategies such as using CRISPR
nickase systems and improved bioinformatics tools have been developed to reduce
the rates of off-target mutagenesis. It is anticipated that continued re-engineering of
the current designer endonucleases and discovery of novel types of nucleases will
further improve genome editing specificity. In the meantime, it is still a labor-
intensive process to introduce precise genetic modifications into the desired
genome locations in human stem cells due to the lower efficiency of homologous
recombination than that of the error-prone NHEJ DNA repair. Compared to the
availability of DNA strand break-inducing tools, our current ability to control the
balance between NHEJ and homologous recombination is limited. A better under-
standing of the cellular DNA repair mechanisms will no doubt contribute to the
development of more efficient and precise genome editing.
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Chapter 4
Pluripotent Stem Cells for Kidney Diseases

Navin R. Gupta and Albert Q. Lam

4.1 Introduction

There is a growing need for innovative approaches to the treatment of chronic
kidney disease (CKD), as end-stage renal disease (ESRD) has reached epidemic
proportions. In the United States alone, more than 600,000 individuals require renal
replacement therapy. Annual Medicare expenditures for treatment of ESRD
patients exceeded $500 billion as early as 2012 [1]. Meanwhile, current projections
indicate that the US population of patients with ESRD may reach more than two
million by 2030 [2]. Currently, approximately 70 % of patients receive dialysis-
based therapy while 30% have a functioning renal transplant. Although both
treatment modalities prolong survival, each has significant limitations.

Dialysis imperfectly filters blood. Uremic retention products are known to
induce premature atherosclerosis [3] and retained beta-2 microglobulin has been
linked to the development of amyloidosis [4]. For dialysis patients, the relative risk
of mortality has been reported to be as high as 8.2, compared to matched individuals
in the general population [5]. Additionally, dialysis does not recapitulate the
endocrine functions of the kidney, necessitating erythropoietin and activated vita-
min D supplementation. Lastly, dialysis therapy greatly reduces the health-related
quality of life of patients of all ages, both genders, and multiple ethnicities [6].
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Transplantation, although having both a survival and cost benefit compared to
dialysis, suffers from the paucity of transplantable organs. The limited kidney
supply, coupled with increasing demand, has resulted in an average transplant-list
wait time of >3.8 years for adults in the USA. While 12 people die each day while
waiting for a kidney transplant, every 14 min a patient is added to the kidney
transplant list (OPTN/UNOS 2015). Despite the development of potent immuno-
suppressive agents, kidney transplant recipients have a nearly 10 % risk of acute
rejection in the first year after transplantation [7]. Additionally, the majority of
those patients who receive a kidney transplant require lifelong immunosuppression,
which is associated with increased infection risk, morbidity, and mortality.

Given these limitations, stem cell-based regenerative medicine represents an
innovative approach to the treatment of CKD and ESRD. By virtue of their intrinsic
properties of self-renewal and ability to differentiate into cells of all three germ
layers, pluripotent stem cells (PSCs) provide an optimal and scalable cell source for
tissue and organ regeneration [8]. Induced pluripotent stem cells (iPSCs) have the
added advantage of being theoretically immunocompatible with the host from
which they were derived. The implications are that patient-specific, functional
kidney tissue may one day be possible.

4.2 Pluripotent Stem Cells

PSCs represent populations of early embryonic progenitor cells, which are believed
to correspond to the blastocyst or epiblast stage of mammalian embryonic devel-
opment [9]. These early cell types arise 5-9 days following human conception and
are defined by two intrinsic properties: self-renewal and pluripotency. PSCs have
the ability to self-renew theoretically indefinitely in culture, without transformation
or differentiation. In addition, PSCs have the capacity to give rise to all cell types
derived from the three embryonic germ layers, namely the mesoderm, endoderm,
and ectoderm [10]. Perhaps the greatest demonstration for both the differentiation
capacity and the ability to generate complex functional tissue from PSCs is cloned
mice developed from tetraploid complementation methods [11, 12].

PSCs comprise embryonic stem cells (ESCs) and iPSCs. ESCs are derived from
the isolation and culture of cells from the inner cell mass of the embryonic
blastocyst [13—15]. In contrast, iPSCs are derived by the retroviral transduction of
four key transcription factors (Oct4, Sox2, Klf4, and c-Myc) into adult skin
fibroblasts, which directly reprograms them into cells that appear morphologically
and behave almost identically to ESCs (Fig. 4.1) [16, 17].

While human ESCs still remain the gold standard for human PSCs and differ-
ences do exist between ESCs and iPSCs, human iPSCs have a number of distinct
advantages. First, unlike ESCs, iPSC derivation does not involve the use of human
embryos, a limitation that has previously led to ethical concerns over the use of
human ESCs [18]. Protocols now exist to derive human iPSCs from a variety of
different somatic cell types, including peripheral blood mononuclear cells,
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Fig. 4.1 Reprogramming adult somatic cells into induced pluripotent stem (iPS) cells. The
retroviral transduction of four pluripotency transcription factors (Oct4, Sox2, c-Myc, and KIf4)
converts somatic cells into iPSCs, which are capable of differentiating into cells of the three germ
layers of the embryo (mesoderm, ectoderm, endoderm)

keratinocytes, hepatocytes, neural stem cells, and kidney mesangial and tubular
epithelial cells using both viral and nonviral reprogramming methods [19-25]. Sec-
ondly, because human iPSCs can be generated from essentially any human indi-
vidual—adult or child, healthy or diseased—and retain the individual’s genotype,
they represent a starting substrate to generate tissue that is theoretically
immunocompatible with the individual from which the iPSCs were originally
derived. Thirdly, human iPSCs, which can be generated from patients with specific
diseases, can be used to develop in vitro models to better study disease pathogen-
esis. For diseases that are particularly rare or do not have relevant animal models,
iPSCs offer a novel strategy to study pathogenetic mechanisms.

4.3 PSC Differentiation Methods

PSCs can be differentiated into a wide variety of differentiated cell types from
multiple organs, including the heart, lungs, liver, pancreas, intestines, kidneys, and
nervous system [26]. The withdrawal of growth factors that are required for the
maintenance of pluripotency in PSCs results in spontaneous and stochastic differ-
entiation. In the absence of specific exogenous growth factors or chemicals to
influence cell fate, PSCs undergo stochastic differentiation into embryoid bodies
(EBs) in vitro and teratomas in vivo [15—-17]. Both EBs and teratomas are hetero-
geneous tissues that contain the three embryonic germ layers, confirming
pluripotency. However, the efficiency of differentiation into any one particular
cell type is low. The efficient generation of specific differentiated cell types with
greater purity requires a more directed approach to force PSCs to adopt a particular
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cell fate. Directed differentiation refers to the process by which PSCs are
sequentially treated with growth factors and chemicals to efficiently induce a
particular cell or tissue type. Most often, directed differentiation protocols use
embryonic organ development as a paradigm for differentiation, subdividing the
process into a series of discrete intermediate stages that can be chemically induced
and monitored by the expression of key stage-specific markers [26]. Differentiation
can be carried out in two-dimensional (2D) monolayer culture, in three-dimensional
(3D) EB culture, or a combination of these two approaches. While 2D monolayer
culture offers the advantages of better control and monitoring of differentiation, the
successful generation of certain organized tissue structures and architecture may
require 3D culture environments for realization.

4.4 Mammalian Nephrogenesis

Current strategies to direct the differentiation of PSCs into cells of the kidney
lineage have been based on vertebrate animal kidney development as a model. The
kidneys are derived from the mesoderm germ layer, specifically from the interme-
diate mesoderm (IM). During kidney organogenesis, the IM sequentially gives rise
to the pronephros, mesonephros, and metanephros (Fig. 4.2). In humans, the
pronephros is nonfunctional and regresses by the fourth week of gestation, but for
certain primitive jawless fish such as the lamprey and hagfish, it is the primary
kidney. The mesonephros forms just prior to degeneration of the pronephros in
humans and serves as the primary excretory organ from the fourth to the eighth
week of gestation. In females, the mesonephros degenerates, whereas in males it
gives rise to portions of the reproductive organs. The metanephros, which begins to
form caudal to the mesonephros in the fifth week of gestation, becomes the
definitive adult kidney in humans.

The metanephric kidney forms through the reciprocally inductive interactions
between two distinct IM tissues, the metanephric mesenchyme (MM) and ureteric
bud (UB). The MM arises from the posterior IM and contains a population of
multipotent nephron progenitor cells (NPCs) that expresses the transcription factors
Six2, Cited1, Pax2, Sall1, and WT1 [27-29]. These Six2+ NPCs are present in the MM
that surrounds each UB tip (cap mesenchyme) and, upon receiving inductive Wnt
signals from the UB, will undergo mesenchymal-to-epithelial transition and give rise
to nearly all the epithelial cells of the nephron except for those of the collecting duct
[27, 28]. The UB develops as an epithelial outpouching from the caudal region of the
nephric (or Wolffian) duct and, upon receiving inductive signals from the MM,
undergoes iterative branching to form the collecting system. Nephrogenesis in humans
is completed between 32 and 36 weeks of gestation and results in the formation of
approximately one million nephrons in each kidney. After birth, no new nephrons are
formed, even under circumstances of kidney injury and repair.

Recent work from Taguchi and colleagues has provided important insight into the
embryonic origins of the NPCs in the MM [29]. Employing lineage tracing
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Fig. 4.2 Stages of mammalian kidney development. The pronephros is the initial nephric stage in
mammals and degenerates by the fourth week of embryonic life in humans. From the fourth to the
eighth week of human embryogenesis, the mesonephros is the primary excretory organ. Thereaf-
ter, the developing metanephros gives rise to the mature kidney in humans

techniques in mice, the authors showed that the embryonic origin of NPCs could be
traced back to a population of T+ cells in the primitive streak that persists to give rise
to T+ Tbx6+ posterior nascent mesoderm and then WT1 + Osrl+ posterior IM. In
contrast, the UB originates from anterior IM, which is incapable of giving rise to
MM. Thus, careful consideration of these diverging developmental pathways is
critical for the efficient differentiation of PSCs into cells of these two different
lineages.

4.5 Differentiation of Mouse PSCs to Kidney Lineage Cells

Early studies attempting to generate kidney cells from PSCs were performed using
mouse ESCs (mESCs). Labeled mESCs microinjected into E12 to E13 mouse
metanephroi resulted in the integration of these cells into tubular structures, some
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of which expressed Lotus tetragonolobus lectin (LTL)* and Na*/K*-ATPase®
[30]. EBs generated from the stochastic differentiation of mESCs expressed a
number of kidney developmental genes, including Pax2, WT1, Lhxl, Emx2, c-ret,
and Salll. Transplantation of these cells into the mouse retroperitoneum produced
teratoma-like growths with regions co-expressing the renal epithelial markers
Dolichos biflorus agglutinin (DBA) and Pax2 [31]. These early experiments served
as proof-of-concept that mammalian PSCs have the potential to generate cells of the
kidney lineage in vivo. Stochastic differentiation gave way to directed differentia-
tion in an effort to improve the efficiency of renal epithelial cell induction.
Developmental studies identified activin, retinoic acid (RA), and bone morphoge-
netic proteins (BMPs) as signaling molecules involved in mesoderm and IM
differentiation [32]. Utilizing a combination of activin, RA, and BMP7, Kim and
Dressler differentiated mouse EBs into cells expressing the IM markers Pax2, WT1,
and Lhxl [33]. Vigneau and colleagues treated a Brachyury (T)-GFP reporter
mESC line with activin and generated Brachyury® cells with 50 % efficiency
[34]. In both of the aforementioned studies, transplantation of the differentiated
cells into mouse embryonic kidneys resulted in incorporation of the cells into
forming tubular structures. Similarly, other studies have shown that activin, RA,
and BMPs are potential nephrogenic factors [35-38].

Taguchi and colleagues used a developmental approach, first determining com-
binations of growth factors and small molecules required to induce differentiation
of isolated mouse T* posterior mesoderm cells into MM cells [29]. Based on these
findings, they established multistep protocols to differentiate mESCs and hiPSCs
into EBs that expressed multiple markers of NPCs of the MM, including Pax2,
Six2, Salll, and WT1. Co-culture of the EBs containing NPCs with mouse embry-
onic spinal cord, a tissue known to induce kidney tubulogenesis, resulted in the
generation of 3D tubular structures expressing markers of kidney tubules and
glomeruli. The protocols for mESCs and hiPSCs were similar, though MM induc-
tion required 14 days with hiPSCs compared to 8.5 days with mESCs.

4.6 Differentiation of Human PSCs to Kidney
Lineage Cells

The initial approach to kidney differentiation with hPSCs was based on the studies
with mPSCs. The work of Batchelder and Lin was the earliest to demonstrate that
hESCs could be differentiated into cells expressing developmental kidney markers
such as PAX2 and WT1 [39, 40]. Song and colleagues devised a protocol combin-
ing EB and monolayer culture methods to generate podocyte-like cells from
hiPSCs. Using a combination of activin, BMP7, and RA, the authors generated
EBs that incorporated cells bearing the podocyte markers podocin, synaptopodin,
and PAX2. Moreover, through a similar but extended protocol, they developed a
monolayer culture of these podocyte-like cells that integrated into WT1*
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glomerular structures when combined with dissociated-reaggregated E13.5 kidneys
[41]. Using a combination of BMP2 and BMP7 in renal epithelial growth medium
(REGM), Narayanan and colleagues induced hESCs to differentiate into aquaporin-
1 (AQP1)" proximal tubule-like cells. Flow-sorted AQP1* cells integrated into
tubular compartments of ex vivo newborn mouse kidneys and spontaneously
formed cord-like structures when cultured on Matrigel. In addition, AQP1™ cells,
increased cAMP production in response to stimulation with parathyroid hormone,
demonstrated GGT activity, and produced ammonia [42].

Recent studies have focused on generating populations of kidney progenitor
cells, particularly cells of the IM and MM. Mae and colleagues sequentially treated
an OSRI-GFP reporter hiPSC line with the glycogen synthase kinase-3p inhibitor
CHIR99021 (CHIR) and activin followed by BMP7 and generated OSR1+ cells
with 90 % efficiency within 11-18 days of differentiation. OSR1-GFP+ cells were
capable of differentiating in vitro into cells expressing markers of mature kidneys,
adrenal glands, and gonads and could integrate into dissociated-reaggregated E11.5
mouse embryonic kidneys, albeit with low efficiency [43]. The same group of
investigators subsequently demonstrated in a follow-up study that substitution of
activin and BMP7 with either of the retinoic acid receptor agonists, AM580 and
TTNPB, could reduce the time of the original protocol to 6 days [44].

Lam and colleagues sequentially treated hESCs and hiPSCs with CHIR followed
by FGF2 and RA and generated PAX2"LHX1" IM-like cells within 3 days with
70-80 % efficiency [45]. Upon growth factor withdrawal, PAX2*LHX1" cells
stochastically differentiated to form polarized, ciliated, tubular structures that
expressed the proximal tubule markers LTL, N-cadherin, and kidney-specific
protein. Treatment of PAX2*LHX1" cells with FGF9 and activin generated cells
co-expressing markers of MM including SIX2, SALL1, and WT1. Similar findings
were reported by Takasato and colleagues, who treated hESCs with CHIR and
FGF9 and induced PAX2"LHX1" IM cells within 6 days [46]. By maintaining
FGF9 treatment of these cells, the authors could generate SIX2" cells within
14 days with 10-20% efficiency. Clusters of cells co-expressing PAX2 and
E-cadherin were also observed in the same cultures with SIX2* cells, suggesting
that the cultures were heterogeneous and comprised cells of both MM and UB
lineages. Mixing these cells with dissociated-reaggregated mouse embryonic kid-
neys resulted in the incorporation of a small proportion of human cells within
mouse tubular structures. Three-dimensional aggregates of SIX2* cells contained
tubular structures expressing markers such as AQP1, AQP2, JAG1, E-cadherin,
WT1, and PAX2.

While considerable work has been done to differentiate hPSCs into MM, efforts
to differentiate hPSCs into cells of the UB lineage have been limited by compar-
ison. Xia and colleagues treated hESCs and hiPSCs with BMP4 and FGF2,
followed by RA, activin, and BMP2 to generate PAX2*, OSR1*, WT1", LHX1*
IM-like cells that spontaneously upregulated transcripts of the UB markers HOXB7,
RET, and GFRAI within 2 days. Upon co-culture with dissociated-reaggregated
E11.5 mouse embryonic kidneys, these putative UB progenitor-like cells partially
integrated into mouse UB tips and trunks [47].
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Day 0 Day 4 Day 7 Day 9 Day 14
FGF9 +
CHIR Activin FGF9 CHIR pulse v
— — —
(3D culture) LHX1
PSC Primitive Streak Posterior IM Nephron progenitor cell Renal Vesicle

No Additional Growth Factors
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Fig. 4.3 Directed differentiation of hPSCs into 3D kidney organoids. Stepwise induction of
hPSCs into late-stage primitive streak (T +TBX6+), posterior intermediate mesoderm (WT1
+HOXD11+), and SIX2 + SALL1 +PAX2 + WT1+ NPCs. NPCs transferred to suspension culture
and treated with FGF9 and a transient CHIR pulse self-assemble into 3D organoids that contain
multi-segmented, contiguous nephron structures expressing markers of glomerular podocytes,
proximal tubules, loops of Henle, and distal tubules

Most recently, two groups demonstrated the ability to differentiate hPSCs into
3D kidney organoids containing complex, multi-segmented nephron-like structures
[48, 49]. Takasato and colleagues treated hPSCs with CHIR for 4 days, followed by
FGFO for 3 days, and transferred the cells into 3D suspension culture for up to
20 days to generate kidney organoids. Resultant organoids consisted of nephron-
like formations with segmentation into proximal and distal tubules, early loops of
Henle, and podocyte-like cells. In addition, organoids contained tubular structures
expressing markers of collecting ducts, stromal cells expressing markers of the
renal interstitium, and endothelial cells. A pulse of CHIR for 1 h after transferring
the cells to suspension culture was optimal for the generation of nephron-like
formations. Concurrently, Morizane and colleagues devised a protocol to robustly
differentiate hPSCs into SIX2*SALL1"PAX2*WT1" NPCs that could be induced
to form nephron organoids in both 2D and 3D culture (Fig. 4.3) [49]. The authors
were able to recapitulate the critical stages of MM development by first efficiently
differentiating hPSCs into T"TBX6" primitive streak cells with high-dose CHIR for
4 days, inducing WT1"HOXD11" posterior IM cells with activin, then inducing
SIX2*SALLI"PAX2*WTI1" NPCs with 90 % efficiency using low-dose FGF9.
NPCs could be induced with FGF9 and transient CHIR treatment to form PAX8"
LHX1" renal vesicles that spontaneously formed nephron-like structures in 2D
culture. Transfer of the NPCs into 3D suspension culture resulted in the formation
of organoids containing multi-segmented nephron-like formations expressing
markers of glomerular podocytes (NPHS1*PODXL"), proximal tubules (LTL*
CDH2"), loops of Henle (CDH1"UMOD"), and distal tubules (CHD1"UMOD")
in a contiguous arrangement mimicking the in vivo nephron. The authors then
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Fig. 4.4 Nephron segment-specific marker expression. Known biomarkers of nephron segments
have been used to assess directed differentiation protocols and to determine the efficiency of
inducing a cell type of interest. Certain biomarkers are found in multiple distinct nephron
segments. It is important to note that traditionally used biomarkers have variable specificity for
kidney tissue

demonstrated that these nephron organoids could be applied to study mechanisms
of kidney development and drug toxicity.

The establishment of efficient protocols for directing the differentiation of
hPSCs into NPCs and kidney organoids marks a significant advance in the ongoing
effort to apply human stem cells to the regeneration of kidney tissue, modeling of
human kidney disease, and drug testing for therapeutic efficacy and toxicity.
However, the development of definitive functional assays and the establishment
of reliable genetic markers will be required to verify whether induced hPSC-
derived kidney cells and tissues are identical to their in vivo complements
(Fig. 4.4).

4.7 Pluripotent Stem Cells for Nephrotoxicity Testing

Toxic effects of drugs and their metabolites often manifest as nephrotoxicity. The
kidneys are highly vascular, receiving ~20 % of the cardiac output, and can
accumulate toxins in the vascular, interstitial, tubular, and glomerular spaces. A
retrospective multinational and multicenter study revealed that 17-26% of
in-hospital AKI was attributed to the administration of a nephrotoxic agent
[50]. During drug development, 19 % of failures in Phase III clinical trials are
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due to nephrotoxicity [51]. The cost to bring a drug to market is currently ~2.6
billion dollars [52]. The availability of high-throughput systems for screening
nephrotoxicity during drug development would potentially save considerable time
and expenditure.

Recent reports have demonstrated that hPSC-derived kidney cells and tissues
may respond to nephrotoxic drugs in a manner that mimics in vivo kidney injury
[48, 49, 53]. In the study by Takasato and colleagues, hPSC-derived kidney
organoids subjected to the chemotherapeutic agent cisplatin demonstrated histo-
logic evidence of proximal tubular injury as evidenced by the expression of cleaved
caspase-3, consistent with known effects of cisplatin-induced AKI [48]. Similar
findings were reported by Morizane and colleagues, who subjected nephron
organoids to two different nephrotoxic agents. Organoids treated with cisplatin
showed upregulation of kidney injury molecule-1 (KIM-1) and YH2AX in injured
proximal tubules and a reduction in E-cadherin™ distal tubules, which the authors
interpreted as evidence of both proximal and distal tubular toxicity [48]. Treatment
of organoids with the antibiotic gentamicin also upregulated KIM-1 in injured
proximal tubules without any discernible effect on the distal tubules.

Given that the proximal tubule is a common site of drug-induced nephrotoxicity,
Kandasamy and colleagues developed a toxicity assay using hiPSC-derived prox-
imal tubule-like cells. The nephrotoxic response to 30 compounds was determined
using a machine learning algorithm called random forest. Human proximal tubular
toxicity could be predicted with >87 % accuracy, with hiPSC results congruent
with human and animal data [54].

4.8 Pluripotent Stem Cells for Modeling of Kidney Diseases

Patient-derived hiPSCs represent a valuable resource for studying human patho-
physiology and the development of novel therapeutics. As hiPSCs carry the genome
of the patients from which they are derived, they provide a means of human genetic
disease modeling. Additionally, many genetic diseases are rare enough to preclude
enrollment in clinical trials. This fact, coupled with the lack of incentive for drug
companies to develop pharmaceuticals for the treatment of rare diseases, fuels the
hope that hiPSC-based assays can be a scalable and reliable option at low cost.
Once established, reliable human disease models may allow for clinical trials-in-a-
dish. Human stem cell-based systems may ultimately replace animal testing that is
known to be poorly predictive of the human response [55]. To date, human iPSC
lines have been generated for autosomal dominant polycystic kidney disease
(ADPKD) [47, 53, 56, 57], autosomal recessive polycystic kidney disease
(ARPKD) [56], and systemic lupus erythematosus [57, 58].

ADPKD hiPSC lines are particularly noteworthy, owing to the frequency of the
disease and uncertainties regarding existing animal models. ADPKD is the most
common potentially lethal single gene disorder, affecting 1 in 600—1 in 1000 live
births [59]. Approximately 50 % of individuals with ADPKD develop ESRD by age
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60. The traditionally used mouse models are homozygous carriers of ADPKD
mutations while afflicted humans are heterozygotes, as heterozygote mice manifest
only mild cystic disease [60]. Freedman and colleagues established hiPSC lines of
three ADPKD and two ARPKD patients via fibroblast reprogramming. ADPKD
iPSCs with mutations in the PKDI gene, which encodes the protein polycystin-1,
exhibited reduced polycystin-2 expression at the primary cilia. Similar results were
observed in ADPKD iPSC-derived hepatoblasts, precursors to the biliary
cholangiocytes that are the origin of liver cysts in ADPKD patients. The ectopic
expression of wild-type polycystin-1 in these hepatoblasts rescued ciliary expres-
sion of polycystin-2 [56]. A subsequent study from the same group used gene-
editing with the clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 system to generate knockout PKDI or PKD2 human ESC lines.
Two-dimensional kidney organoids derived from these gene-edited hESCs devel-
oped cystic structures from kidney tubules, suggesting that this model could
potentially serve as a novel means to study cystogenesis in ADPKD [53].

4.9 Pluripotent Stem Cells for Bioengineering
Kidney Tissue

The rising prevalence of ESRD, coupled with the shortage of transplantable organs,
has led researchers to apply regenerative medicine techniques towards kidney
bioengineering. Human iPSCs serve as a theoretically immunocompatible and
scalable cell source, with therapeutic applications for both CKD and AKI.

The kidney comprises >50 distinct cell types, arranged in a complex 3D structure
that facilitates exocrine, endocrine, and metabolic functions. The primary elements
of a bioengineered kidney would include multiple hiPSC-derived cell types and a
scaffolding to provide cellular support, segregation, and compartmentalization.
Two scaffolding approaches have been undertaken: kidney decellularization and a
3D printed framework.

Decellularized kidney approaches have the benefit of preserving the intricate
extracellular matrix (ECM) of distinct kidney compartments, retaining matrix-
associated signals and growth factors of specific regions, and conserving the
arterial, capillary, and venous vascular tree. Using the detergent sodium dodecyl
sulfate (SDS) and the cell membrane toxicant Triton X-100, Nakayama and col-
leagues decellularized adult rhesus monkey kidney sections. Hematoxylin and
eosin (H&E) staining confirmed the removal of cellular material and immunohis-
tochemistry demonstrated the preservation of native ECM [61]. Orlando and
colleagues successfully decellularized porcine kidneys and surgically implanted
unseeded scaffolds into pigs. Although the decellularized kidneys were easily
reperfused, sustained blood pressure, and demonstrated a lack of blood extravasa-
tion, the vascular tree was completely thrombosed due to denuded ECM [62]. Song
and colleagues seeded decellularized rat kidney scaffolds with rat fetal kidney cells
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via the ureter and endothelial cells via the renal artery and performed an orthotopic
transplantation in a rat. The graft was perfused by the recipient’s circulation and
produced urine through a ureteral conduit. However, urinary excretion was not
substantial and histopathology of the recipient’s graft demonstrated vascular throm-
boses [63]. Similarly, Ross and colleagues seeded murine ESCs into decellularized
rat kidneys via the renal artery and ureter. Resultantly, cells lost their pluripotent
phenotype and expressed kidney immunohistochemical markers when contacting
ECM, while cells not in contact became apoptotic [64]. However, this approach was
also limited by small vessel thrombosis. To overcome thrombosis in the small
vessel conduits utilized in decellularized scaffolds, Wertheim and colleagues
developed a biocompatible polymer that binds denuded ECM. Decellularized rat
aortas were lined with poly(1,8-octanediol citrate), functionalized with heparin, and
perfused with whole blood. The polymer-ECM reduced platelet adhesion, inhibited
whole blood clotting, and supported endothelial cell-adhesion [65]. Given their
advantage of maintained architecture, decellularized kidneys represent a valuable
resource in the efforts to create a bioengineered kidney. However, it remains to be
seen whether proper localization of seeded renal epithelial cell types to their
appropriate compartment within the kidney can be achieved. Furthermore, such
grafts must also retain significant functionality upon transplantation.

The biologic application of 3D printing has gained both notoriety and credibility
with the organ-on-a-chip series, including the lung-on-a-chip, the gut-on-a-chip, the
proximal tubule-on-a-chip, and bone marrow-on-a-chip [66—69]. Such devices
employ a soft lithography method for the creation of microfluidic chambers, first
conceived by Duffy and Whitesides in 1998 [70]. Recent advances in 3D printing
have enabled faithful manufacturing of micrometer scale, multicomponent struc-
tures. Current precision allows for the biomimicry of multiple physical aspects of
native kidneys, such as multicellular architecture, submillimeter tubular diameter,
and high surface area to volume ratio. Additionally, applying a perfusate can
simulate physiologic levels of shear stress in epithelial and vascular channels.
Vascular channels are imperative, as bioengineered tissue structures develop
necrotic regions without vasculature within <2 mm of tissue depth [71]. Of note,
current commercially available 3D printing resins for both stereolithography and
multijet modeling demonstrate poor biocompatibility [72, 73]. To overcome obsta-
cles of resin cytotoxicity and the need for a vascular network in tissue engineering,
Kolesky and colleagues used ECM-containing bioink resins to develop a method of
printing directly in cells. HUVEC cells, embedded in a Pluronic F127 fugitive
hydrogel, were printed in channels and surrounded by gelatin methacrylate
(GeIMA). Removal of the fugitive ink yielded tubular channels consisting of a
confluent monolayer of HUVECs [74].

Fabrication of a bioengineered nephron, the individual functioning unit of the
kidney, is a potential intermediate step in the development of a bioengineered
kidney. The glomerular, tubular, and collecting duct compartments of the nephron
could be modeled separately and connected in series, replete with vasculature,
overcoming the compartmentalization difficulties of decellularized kidney
methods. Additionally, complex microscale printing provides a means of
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maximizing absorptive and secretory functions by increased surface area to volume
ratio. Homogenous populations of varying types of kidney epithelia may be
obtained through cell-sorting of dissociated organoids developed from patient-
specific iPSCs. Integration of these cells into 3D printed scaffolds may allow for
the generation of an immunocompatible bioengineered nephron, which can be
scaled up to restore in vivo kidney filtration.

4.10 Conclusion

Significant advances over the past few years alone have clearly demonstrated that
human PSCs represent a powerful tool to study kidney regeneration, disease, and
injury. Recently established methods are now capable of directing the differentia-
tion of hESCs and hiPSCs into human kidney organoids in vitro. These kidney
organoids can mimic the in vivo pathophysiologic response when subject to neph-
rotoxic agents, providing novel nephrotoxicity models that may facilitate the
identification of lead candidates, reduce developmental costs, and reduce future
rates of drug-induced AKI. Patient-derived hiPSCs, bearing naturally occurring
human mutations, can recapitulate human disease phenotypes. While disease
modeling using hiPSCs may someday supplant animal testing, currently it provides
a means of studying rare genetic diseases and allows for clinical trials-in-a-dish.
hiPSCs are a theoretically immunocompatible and scalable cell source for kidney
regeneration. With the development of advanced bioengineering techniques such as
decellularized kidney scaffolds and 3D printing, the integration of stem cell biology
with bioengineering may someday contribute to the development of transplantable
human kidney tissue.
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Chapter 5
Pluripotent Stem Cells for Modeling Motor
Neuron Diseases

Delphine Bohl

5.1 Introduction

Motoneuron diseases (MNDs) are a group of progressive neurological diseases
affecting the neurons that control voluntary muscle activities like walking, breath-
ing, and speaking. They are characterized by a muscular weakness and muscle
atrophy that result in paralysis and often death of patients. Both children and adults
can be affected. Today there is no effective treatment. Specific supportive cares and
symptom relief are the only cures.

MNDs can be classified according to whether affected motoneurons (MNs) are
located in the motor cortex (upper MNs) or in the brain stem and/or the spinal cord
(lower MNs). Spinal muscular atrophy (SMA), spinal and bulbar muscular atrophy
(Kennedy’s disease), progressive muscular atrophy, and hereditary motor neurop-
athies affect lower MNs, while primary lateral sclerosis (PLS), hereditary spastic
paraplegia, progressive bulbar and pseudobulbar palsy, and SMA with respiratory
distress type I affect lower MNs. In Amyotrophic Lateral Sclerosis (ALS), both
upper and lower MNs are targets of the degeneration process. Among these
diseases, ALS and SMA type I are the two most common adult and infantile
MNDs, respectively. Their prognosis is fatal. In order to study disease pathology
and to try to identify molecular and chemical processes leading to specific moto-
neuronal degeneration in these diseases, various animal models were developed, as
well as in vitro cellular approaches. Unfortunately, despite decades of studies,
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Fig. 5.1 Modeling MND with iPSC. Skin biopsies from control subjects and MND patients are
performed and fibroblast cultures are established. Then, reprogrammation of these somatic cells is
obtained through the forced expression of the four Yamanaka’s transcription factors (TF). iPSC
clones are isolated, amplified, and fully characterized at the molecular and functional levels. To
compare human MND and control cells (including motoneurons and glial cells) affected in MND,
specific protocols have to be applied to ensure that iPS-differentiated cultures can be compared at
the phenotypic level. Even if MNs are the primary targets of the neurodegeneration process, glial
cells may influence their fate. Disease modeling relies on studies of both cultures of pure MNs or
glial cells as well as co-cultures to reveal molecular mechanisms and specific cellular interactions
that could be the targets for future drug screenings

hypothesis and results do not lead to effective treatments. One reason may reside in
the genotypic and phenotypic differences between human patients and the
nonhuman models that were used.

With the recent discovery of the induced pluripotent stem cell (iPSC) technol-
ogy, new hopes arise to generate new cellular models for MNDs [1, 2]. For neuro-
degenerative disorders in general, and MNDs in particular, iPSCs offer the unique
possibility to have access to human neurons, as there is no possibility to obtain
human biopsies of the central nervous system. Until now the only human samples
accessible were derived from the blood, muscle biopsies, or brain and spinal cord
postmortem tissues which represent the end stage of the disease. In this chapter, I
will present the unique human models generated with human iPSC to study SMA
and ALS in the perspective to better understand mechanisms leading to MN death
and to find new treatments (Fig. 5.1).



5 Pluripotent Stem Cells for Modeling Motor Neuron Diseases 87
5.2 Differentiation of iPSC into Human Motoneurons

In both SMA and ALS, alterations occur at first in MNs but other cells around them,
especially glial cells, may be involved in disease progression [3—5]. The develop-
ment of protocols for efficient and rapid production of either MNs or glial cells is
thus extremely important. For glial cells, few protocols exist to generate human
astrocytes, oligodendrocytes, or microglia [6-9]. These protocols are quite long and
not used for MNDs modeling except for iPSC-derived astrocytes [8] that will be
described below. For MNs, many protocols are described in the literature and they
are improved very quickly year after year. Their setup benefited from developmen-
tal studies and from protocols developed in the past from mouse and human
embryonic stem cells (ESCs) [10, 11]. Nevertheless, the majority of the protocols
allow the production of spinal MNs (see below). Only one protocol described
recently the generation of human iPSC-derived cranial MNs [12] and a study
reported the generation of upper MN-like cells (layer 5 cortical neurons) to study
specific ALS defects (see below) [13].

5.2.1 Generation of Spinal Motor Neurons

Until recently, protocols for the generation of human spinal MNs followed always
the same scheme: neuralization of pluripotent stem cells in the presence of retinoic
acid for caudalization and a Sonic hedgehog agonist for ventralization [14, 15]. Pro-
tocols lasted at least 2 months with the production of MNs positive for the
MN-specific transcription factors HB9 and ISLET1 in relatively low proportions
(5-40 % of HB9-positive neurons) [14—17]. Despite this successful generation of
human spinal MNs with these protocols, a problem emerged for iPSC modeling: the
persistence of proliferative neural cells in cultures and their uncontrolled differen-
tiation, leading to the generation of asynchronous cultures with MNs at different
stages of maturation, thus preventing reliable comparisons between control and
patient cultures.

To solve this problem, laboratories focused either on improvements of protocols
or developed tools to purify MNs either by FACS or gradient centrifugation
[18, 19]. Several laboratories have now improved protocols and offer the possibility
to obtain iPS-differentiated cultures enriched in MNs (30-90 %) within 2—-3 weeks
[12, 20-23]. Improvement of stem cell neural conversion was reached through the
dual SMAD inhibition with molecules able to inhibit transforming growth factor-§
(TGF-P) and bone morphogenetic protein (BMP) signaling [24, 25]. Also a crucial
timing for initiation of neural patterning was underscored by Qu et al. [22]. Under
optimal conditions, human iPSCs treated with Noggin or a substitute, LDN-193189,
and SB-431542 led to the formation of more than 90 % of PAX6 neural precursors
within a week. For MN generation, Amoroso et al. [20] generated embryoid bodies
from human iPSCs and then treated these cell clusters first with both LDN-193189
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and SB-431542 and second with both retinoic acid and two ventralizing Smoothened
(Smo) agonists. This protocol led to the accelerated generation of MNs within
3 weeks at up to 50 % abundance. To reach 70-90 % of MNs, some studies reported
the use of the Wnt agonist Chir-99021 [12, 21, 23]. The activation of Wnt signaling
was shown to allow the efficient and accelerated specification of MN progenitors in
cooperation with a Sonic Hedgehog agonist and retinoic acid. Moreover, the addi-
tion of a gamma-secretase inhibitor, DAPT or Compound E, accelerated the next
step in the protocol for the efficient conversion of MN progenitors into postmitotic
MNs in less than a week [12, 23]. Taken together, all these studies led to the
establishment of more standardized and reproducible methods allowing in 2-3
weeks the production of MNs in high proportions in a synchronous way and without
contaminating proliferative cells. These iPSC-derived MNs were proven to be
mature. They expressed for example the choline acetyltransferase MN marker,
formed neuromuscular junctions in co-culture with myotubes, acquire electrophys-
iological properties, and integrated into the developing chick spinal cord.

5.2.2 Subtypes of Motoneurons Affected in SMA and ALS

In SMA and ALS, MNs are the first targets of degeneration. However, MNs are not
a homogenous group of neurons. There is a high diversity in terms of functional
properties and the fate in response to disease differs significantly between MN
subtypes. In mammals, MNs are grouped into motor columns: the medial motor
column (MMC), the hypaxial motor column (HMC), and the lateral motor columns
(LMC) [26]. In ALS and SMA, the LMC MNs including brain stem and limb-
innervating MNs, and both the MMC and HMC including axial muscle-innervating
MNs, are preferentially affected, respectively. These MN subtypes were shown to
express different combination of transcription factors. Among these factors, some
distinguish between MMC MNs, which are LHX3-positive, and LMC MNs which
are FOXP1-positive [26].

Few reports described the generation of these specific MN subtypes from hESCs
or hiPSCs [20, 27, 28]. Patani et al. [28] showed that retinoid-independent motor
neurogenesis resulted in the preferential differentiation of LHX3-positive MNs
with a MMC identity. Amoroso et al. [20] succeeded to force the generation of
FOXP1-positive MNs through a modification of the Sonic Hedgehog and retinoic
acid signaling in stem cells. Finally, Adams et al. [27] reprogrammed the produc-
tion of LMC MNs through misexpression of FOXP1 into neurons. One major
limitation that needs now to be addressed is the non-purity of MN subtype cultures.
Constructions of viral vectors expressing fluorescent proteins under the control of
the LHX3 or FOXP1 promoters would help to reach the objective and this would
open new perspectives to better understand the selective death of MN subtypes in
SMA and SLA.
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5.3 Modeling of Spinal Muscular Atrophy

531 SMA

SMAs are a group of inherited disorders with a wide spectrum of clinical and
genetic phenotypes. Today 33 causative genes have been identified. However, SMA
often refers to the most common form caused by mutation or deletion in the survival
motor neuron 1 (SMN1) gene leading to reduced levels of ubiquitously expressed
full-length SMN protein [29]. SMA is the leading inherited cause of infant mortal-
ity and the disease is primarily characterized by progressive degeneration of lower
MNs as well as muscle weakness and atrophy that affect mainly proximal muscles.
The incidence is of 1 per 6000-10,000 live births. Clinically, SMA disease pheno-
types range from severe type I to milder types III and IV on the basis of the age of
onset, clinical severity, and the ability to achieve milestones of motor coordination
development. In infants with SMA type I (also known as Werdnig—Hoffman
disease) disease onset is before 6 months of age and death usually occurs within
the first 2 years due to respiratory failure. Today, at least 26 clinical trials have
investigated potential treatments and unfortunately all have failed to show any
benefit to patients [29].

In cells, the SMN protein has several functions. It is involved in pre-RNA
splicing, mRNA transport, and axonal growth. It is a central component of the
complex required for assembly of spliceosomal small nuclear ribonucleic particles
called snRNPs. Several transgenic mouse models of SMA were created and allowed
advances in the understanding of the disease and in particular the pathological
changes of the neuromuscular junction preceding MN loss [30, 31]. However,
murine models remain different from humans both at the anatomical and the
physiological levels and they cannot fully recapitulate human pathologies. This is
of particular importance for SMA as humans have a unique genetic situation
compared to rodents. They possess a SMN2 paralogous gene which is almost
identical to the SMN1 gene but which produces 90 % of a truncated and unstable
SMN protein. The remaining 10 % are full-length transcripts. Thus, individuals
affected by SMA retain a variable number of SMN2 copies and a direct correlation
was shown between this copy number and the severity of the disease. In this
context, the generation of human iPSCs from SMA patients with the different
severities promises to fill an important niche between studies in rodents and humans
in deciphering mechanisms.

5.3.2 Induced Pluripotent Stem Cells (iPSCs) to Model SMA

Human iPSCs models generated to study SMA are listed in Table 5.1. Except one
paper describing phenotypes in SMA astrocytes [5], all other reports described
the generation of spinal MNs from SMA patients with different types (I-IV)
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Table 5.1 Phenotypes in iPSC-derived motoneurons or astrocytes with SMN1 mutations

SMA subtype Phenotype Tested drug Reference
One patient, type I Reduction in number and size of MNs | Valproic acid [33]
Two patients, type I Increase in Fas ligand-mediated apo- | Fas blocking [36]
ptosis in MNs antibodies
Two patients, type I Decrease in gem numbers in MNs - [18]
Reduction in number and size of
MN:ss, in their axonal length and in the
formation of neuromuscular
junctions
Gene expression profiling in MNs:
defects in cytoskeleton proteins,
neuronal development, MN differen-
tiation, and synaptic generation
Alteration in the splicing profile of
MNs
Two patients, type 1 Deficits in internal calcium signaling | Thapsigargin [5]
mechanisms in astrocytes
One patient, type I Decrease of SMN protein levels Splicing [75]
One patient, type 11 modifiers
Three patients, type I | Hyperexcitability of MNs - [34]
Two patients, type 1 Impairment of neuromuscular junc- Valproic acid [37]
tion formation or maturation
One patient, type I Decreased soma size of MNs Inhibitors of [35]
One patient, type II Increased apoptosis in MNs endoplasmic
Gene expression profiling in MNs: reticulum stress
hyper-activation of the endoplasmic
reticulum stress pathway
Four patients, a con- Significant differences in MN neurite | — [32]
sanguineous family length and number between family
with chronic SMA members

[18, 32-37]. Validation of iPSC models was performed through analysis of previ-
ously described phenotypes considered as hallmarks in SMA animal models and
patients. These phenotypes include nuclear gem deficits which are specific protein-
nuclear complexes. They form when the SMN protein is present and they are
essential for protein splicing.

The paper by Ebert et al. [33] was the first published study describing a
phenotype in iPSC-derived cells. They showed nuclear gem defects in iPSCs and
a decrease in number and size of iPSC-derived MNs. Other reports validated their
different iPSC models and showed nuclear condensation, decreased in MN soma
size and number, and Fas ligand-mediated apoptosis. Defects in neurite growth,
impairment of neuromuscular junction formation or maturation as well as endo-
plasmic reticulum stress were also described [18, 32, 35-37]. Interestingly, Boza-
Moran et al. generated iPSCs from members of a discordant consanguineous family
with chronic SMA (one SMA type IV asymptomatic and two type Illa sisters).
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Significant differences were observed in neurite length and number between family
members, but defects were modest compared to previously reported for SMA type I
[32]. They also report a progressive decay in SMN protein levels occurred during
iPSC differentiation, which recapitulates previous developmental observations. In
some reports pharmacological compounds were shown to inhibit some alterations
in these iPSC models [33, 35, 36]. Corti et al. [18] also described genetic editing of
iPSCs with oligonucleotides to modify SMN2 in order to produce a functional
SMN-like protein. MNs derived from genetically corrected SMA-iPSCs showed
rescue of disease-specific features. Gene expression profiling analysis showed that
SMA MNs had specific alterations in genes encoding proteins involved in cyto-
skeleton, neuronal development and synaptic generation. Splicing alterations sec-
ondary to SMN1 deficiency were also identified and highlighted defects in axon
guidance, MN differentiation, DNA linkage, and signal transduction [18]. Further
investigations are now necessary to better understand the role of the identified
dysregulated genes in SMA pathogenesis.

5.4 Modeling of Amyotrophic Lateral Sclerosis

5.4.1 Amyotrophic Lateral Sclerosis

ALS (also known as Lou Gehrig’s disease) is an incurable degenerative MN
disorder. It is one of the most devastating neurodegenerative diseases known in
adults. The age onset is around 50—60 years. ALS is inexorably worsening, leading
progressively and very rapidly to muscle atrophy, paralysis, and death usually by
respiratory failure, with a median survival of 3—5 years after diagnosis [38]. Upper
and lower MN involvement is variable, and in rare cases cerebellar, extrapyramidal,
sensory, and autonomic systems can be affected. Consequently, ALS should not be
seen any more as a homogenous neurodegenerative disorder, but rather as a
heterogeneous multisystem neurodegenerative disease [38, 39]. The prevalence
(3—6 per 100,000) is relatively low compared to other neurodegenerative disorders.
However this reflects the short duration of the disease. More than 100,000 patients
are affected worldwide. With an incidence of ~2 per 100,000, ALS is today the most
common adult onset motor neuron disease [40]. After decades of clinical trials,
Riluzole, a glutamate-release inhibitor with neuroprotective properties, is to date
the only product that has demonstrated anti-neurodegenerative activity in ALS
patients [41, 42]. However, its efficacy is moderate and prolongs mean survival
of ALS patients by only a few months.

ALS can be divided into familial forms (F-ALS) which account for ~10 % of
cases and ~90 % of sporadic ALS (S-ALS) cases, with no family history. The major
genetic causes are of dominant inheritance and gain of functions of mutant proteins
were shown for most genes. The four main genes responsible for ALS include
mutations in SOD1 (Superoxyde Dismutase 1) (~10 % of F-ALS) [43], TARDBP
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(TAR DNA-binding protein 43 (TDP-43)) [44-49], FUS (fused in sarcoma)
[50, 51] (=5% of F-ALS), and the newly discovered intronic hexanucleotide
expansions in COORF72 (an unknown protein) that is the most common cause of
F-ALS (~23-46 %) [52, 53]. Other rare mutations in ANG, VAPB, DAO, OPTN,
and UBQLN2 represent <1 % of F-ALS. The remaining forms of ALS may be of
genetic, nongenetic, or epigenetic origin. The functional consequences of these
different mutations remain to be characterized in relevant cellular and animal
models.

Mechanisms leading to the selective death of MNs were first described in animal
model systems [54, 55]. They may involve misfolded protein aggregation, depletion
of neurotrophic factors, oxidative damage by free radicals, excitotoxic processes
related to decreased synaptic reuptake of glutamate, impaired axonal transport,
mitochondrial dysfunction, endoplasmic reticulum stress, neurotoxins, viruses,
altered astrocyte function, impaired blood-brain barrier, chronic hypoxia, and
defective energy metabolism [55]. Several experimental systems have also pro-
vided evidence on the involvement of glial cells, and in particular astrocytes, and
non-cell autonomous mechanisms in ALS [3, 4].

Most of studies to better understand mechanisms leading to ALS development
were performed in mice and rats with various mutations in the SOD1 gene and
today these models remain the best nonhuman models compared to animal models
based on other mutant genes (TDP-43, FUS) [54]. Unfortunately, despite a large
number of positive therapeutic assays in the mutant SOD1 rodent models, transla-
tion into human clinical trials was unsuccessful [56]. In the context of ALS, the
generation of human iPSCs from patients with various ALS forms and the com-
parisons between the different ALS MN cultures may help to identify common and
divergent affected pathways involved in ALS development in a perspective to
identify new therapeutic compounds.

5.4.2 Induced Pluripotent Stem Cells (iPSCs) to Model ALS

Today, published studies described the generation of iPSCs from patients with
mutations in the four main genes responsible for ALS: C9ORF72 [57-59], SODI1
[20, 21, 60, 61], TDP-43 [62-65], and FUS [66-68]. One paper reported the
generation of iPSC with a rare mutation in VAPB (vamp-associated protein B/C)
[69] and two papers described patients with S-ALS [13, 70] (Tables 5.2 and 5.3). In
the large majority of these papers, iPSCs were differentiated into spinal MNs. In
only one paper both spinal MNs and layer 5 cortical neurons were produced and
analyzed [13] and one paper studied the phenotype of iPSC-derived astrocytes from
mutant TDP-43 patients [8]. There is no report today about the generation of iPSC-
derived oligodendrocytes or microglial cells from ALS patients.

To validate these different iPSCs models, analysis of hallmark ALS phenotypes
previously reported in animal models and patients was performed. As shown in
Table 5.2 first analyzed phenotypes were for most of them related to protein defects
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Table 5.2 Phenotypes in iPSC-derived motoneurons with either SOD1, TDP-43, FUS, COORF72,
VAPB mutations or from sporadic ALS cases

Tested
ALS forms Phenotypes in motor neurons drug Reference
Mutant in SOD1
« SODI1 L144F Not studied - [61]
« SODI1 A4V Not studied - [20]
SOD1 N139K
SOD1 V148G
« SODI N87S Not studied - [60]
SOD1 S106L
+ SODI1 A4V Neurofilament aggregation - [21]
SODI1 D90A Neurite degeneration
Mutant in TDP-43
» TDP-43 Q343R TDP-43 cytosolic aggregates Anacardic | [64]
acid
TDP-43 M337V Reduced neurite length
TDP-43 G298S Increased susceptibility to arsenite
exposure
Gene expression profiling: decrease in
expression of genes of cytoskeletal
intermediates filaments
e TDP-43 M337V Increase in insoluble TDP-43 - [63]
« TDP-43 M337V Increase in cytosolic TDP-43 - [65]
+ TDP-43 Formation of cytoplasmic mRNP - [62]
granules
Impairment of mRNA axonal transport
Mutant in FUS
« FUS R521C Cytoplasmic FUS accumulation - [66]
R495QfsX527
« FUS R521C Cytoplasmic FUS accumulation - [67]
FUS R514S FUS recruitment into stress granules
FUS P525L
« FUS P525L Cytoplasmic FUS aggregates - [68]
Expansions in COORF72
»  GGGGCC expansions RNA foci, RNA translation products ASOS [57]
* GGGGCC expansions | Increased susceptibility to glutamate ASOS [59]
excitotoxicity
*  GGGGCC expansions RNA foci - [58]
Reduced electrical excitability
Increased number of P bodies
VAPB
« P56S Reduction of VAPB protein levels - [69]

No cytoplasmic aggregates

(continued)
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Table 5.2 (continued)

Tested
ALS forms Phenotypes in motor neurons drug Reference
Sporadic cases
* 2 SLA-S (no mutation | Gene expression profiling supports - [70]

found in SOD-1, impairment of intracellular trafficking,
TARDBP, COORF72) intercellular signaling, oxidative phos-
phorylation, neurotrophic factor
function

Mitochondrial dysfunction

Table 5.3 Common molecular mechanisms of ALS pathogenesis in iPS-derived mutant
motoneurons

Tested
ALS forms Phenotype in motoneurons drug References
SOD1 A4V TDP-43 intranuclear aggregates in 3/16 SALS | Cardiac [13]
SODI1 N139K glycosides
TDP-43 A315T
FUS G566A
Sporadic
(16 cases)
SOD1 A4V Hyperexcitability Retigabine |[73]
FUS H517Q
C9ORF72 (G*CHN
TDP-43 M337V Initial hyperexcitability followed by progres- |— [72]
sive loss of action potential input and synaptic
activity
C9ORF72 (G*CHN
SOD1 A4V In SOD1 MNs: mitochondrial defects, ER - [71]
stress
C90RF72 (G*CHN | Gene expression profiling
In SOD-1: increased oxidative stress,
reduced mitochondrial function, altered sub-
cellular transport, activation of the ER stress,
and UPR response pathways
In COORF72: conservation of a subset of
these changes

into MNs. Such defects had been previously described in human postmortem
tissues. Aberrant TDP-43 protein aggregation or nuclear exclusion in patients
with mutant TDP-43 and in sporadic cases [13, 64, 65], cytoplasmic FUS accumu-
lation in patients with FUS mutations [66—-68], RNA foci formation and P-bodies
increases in patients with C9ORF72 expansions [57-59], and neurofilaments
aggregation in mutant SOD1 patients [21] were described. Other studies described
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neurite defects in mutant SOD1 and TDP-43 patients [21, 64], as well as
mitochondrial defects and reticulum endoplasmic stress in a mutant SOD1 patient
[71]. Gene expression profiles identified affected pathways in mutant MNs,
suggesting impairment of intracellular trafficking, intercellular signaling,
neurotrophic functions, or mitochondrial dysfunction in patients with mutations
in TDP-43 [64], SOD1, C9ORF72 [71] and in S-ALS patients [70]. Pharmacological
compounds, siRNA, and antisense oligonucleotides (ASOS) were shown to inhibit
some alterations in these iPSCs models [13, 57, 59, 64, 65, 71].

Only one report described the generation of iPSC-derived astrocytes [8] from
mutant TDP-43 patients. In contrast to previous results showing the toxic contri-
bution of human mutant SOD1 and sporadic astrocytes (not derived from iPSCs) to
MN death [4], mutant TDP-43 iPSC-derived astrocytes did not affect MN survival.
This result questions on the exact contribution of mutant astrocytes carrying
different ALS mutations on MNs and more studies are now necessary to understand
the exact role of MN neighboring cells in ALS development.

To advance further in the modeling with human iPSC, and as the ALS syndrome
may be viewed more like a spectrum of diseases, comparisons of phenotypes of
MNs with different ALS forms may identify common and divergent pathways that
may be affected and this may help to identify new approaches to develop person-
alized therapies. Table 5.3 lists the only four reports which compare MNs from
different ALS patients [13, 71-73]. Burkhardt et al. [13] focused on nuclear
TDP-43 aggregates and compared the phenotypes in iPSC-derived MNs of a
large cohort of patients including 16 S-ALS patients and 8 patients with mutations
in SOD1, TDP-43, and FUS. Interestingly and surprisingly, only three S-ALS
patients had TDP-43 aggregates in both upper and lower MNs, bringing out
heterogeneity among ALS patients. Two reports focused on electrophysiological
properties of ALS MNs. The studies on SOD1 mutant mice strongly suggested that
early on the morphogenesis of MNs is impaired and that it entails the electrophys-
iological characteristics of the MNs. While Wainger et al. [73] suggested that
hyperexcitability in ALS MNs was recapitulated in patients with SODI,
C90RF72, and FUS mutations, Devlin et al. described an initial hyperexcitability
in C9ORF72 and TDP-43 patients followed by a progressive loss with time of
action potential input and synaptic activity [72]. In both studies, MNs cultures were
not pure and a role of astrocytes on the deleterious effect observed by Devlin et al. is
currently suggested. Consequently, future experiments with pure cultures of MNs
are now required, as well as analysis of MNs of sporadic cases to compare the
various ALS forms. Finally, comparison of gene expression profiling between one
patient with a SOD1 mutation and one patient with a COORF72 expansion allowed
to highlight that both ALS cases shared only a subset of transcriptional changes
[71], showing one more time that ALS should be seen as a group of diseases.
Nevertheless, common identified pathways need now to be investigated in detail to
define if they could represent therapeutic targets.
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5.5 Conclusion: The Perspective for Drug Discovery

Eight years after the description of the iPSC technology, researchers have to their
availability a great number of new human cellular models. They also have efficient
protocols to produce the main cell type affected in MNDs, the MNs. Despite these
very rapid advances in the field, much remains to be done. As said above, the large
majority of the studies focused on spinal MNs that were produced with different
protocols. Consequently cell yields were different and cultures were, in most
reports, not completely pure. As non-cell autonomous mechanisms may be
involved in MN death, researchers still have to pay attention to “contaminating”
cell types present in cultures of MNs and thus to conclusions and interpretations.
More developments are also necessary in order to be able to analyze more precisely
the different MN subtypes as well as the other MN types affected in ALS, the
upper MNss.

Nevertheless, we have now the proof-of-concept that SMA and ALS pheno-
typic hallmarks are recapitulated in human iPS-derived MNs. Comparisons
between various forms of the diseases are in progress [13, 32, 71-73] and need
now to be reproduced to clarify which affected pathways may be the best targets.
Some drugs were tested with success in the human iPSC models but there is no
definitive proof yet that drugs could be efficient in patients. Nevertheless, recent
studies suggest that human iPSC MNs could help to validate compound efficacy
for human trials [35, 74, 75]. In the SMA field, based on an approach of
SMN-dependant therapy, PTC Therapeutics and Roche Pharmaceutical Research
showed spectacular effects of SMN2 splicing modifiers on SMN protein levels in
SMA iPSC-derived MNs and a mouse model [75]. A phase 1 clinical trial is in
progress. On the other hand and to develop SMN-independent therapies, Ng
et al. tested different endoplasmic reticulum stress inhibitors on iPSC-derived
MNs. Guanabenz was shown to be the most effective inhibitor in vitro on human
iPSC-derived MNs and in SMA mice it was also the one which preserved MN
number and size. Interestingly, 4-phenylbutyrate which has been tested in clinical
trials on SMA patients and that failed in phase II, had no efficacy on human MNs
in vitro [35]. In the ALS field, Yang et al. combined rodent and human stem cell-
derived MNs to screen for molecules able to increase ALS MN survival. They
identified kenpaullone as the best candidate and compared its effects on human
iPSC-derived MNs with effects of two molecules that failed in human clinical
trials, olesoxime and dexpramipexole. They showed that these two molecules
were barely effective in rescuing MNs from death [74]. Taken together, these
studies are proof of principle that a screening approach with human iPSC-derived
MNs might predict efficacies of new drugs and it seems clear that this technology
could become a useful and relevant tool to accelerate drug discovery.
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Chapter 6

Pluripotent Stem Cell-Derived Pancreatic

B Cells: From In Vitro Maturation to Clinical
Application

Essam M. Abdelalim and Mohamed M. Emara

6.1 Introduction

Embryonic development is initiated by the formation of a small hollow sphere
known as blastocyst. This structure possesses an outer layer of cells (trophoblast)
and a cluster of inner cells called inner cell mass (ICM). Although the ICM is small
in size, it has a great potential in development, because this group of cells is capable
to differentiate into the three germ layers derived tissues (ectoderm, mesoderm, and
endoderm) that eventually give raise to an embryo in a predominant phenomenon
known as pluripotency. Pluripotent stem cells (PSCs) are characterized by a unique
ability to self-renew or differentiate into various types of cells [1, 2]. The most
important types of PSCs are embryonic stem cells (ESCs), which are isolated from
the ICM [1], and induced PSC (iPSCs) that are generated from somatic cells
in vitro, such as skin fibroblast, keratinocytes, and blood cells (Fig. 6.1) [2, 3]. In
iPSC technology, somatic cells are reprogrammed to become pluripotent by inser-
tion of three or four transcription factors, which are known to be essential for ESC
pluripotency, including OCT4, C-MYC, SOX2, KLF4, SOX2, NANOG, and
LIN28 [2, 4]. ESCs and iPSCs have similar characteristics and have a great ability
to propagate indefinitely in vitro with maintaining the genome integrity [5, 6],
therefore, they hold great promises in cell replacement therapies for different
critical diseases such as diabetes.

Diabetes mellitus (DM) is a common disease, which is characterized by imbal-
ance between insulin production, insulin need, and the body’s ability to utilize the
available insulin. This imbalance is resulted due to array of dysfunctions, ranging
from inefficiency of P cells in the pancreas to produce insulin, defective insulin
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Fig. 6.1 Schematic showing the unique characteristics of pluripotent stem cells (PSCs). PSCs can
be propagated and maintained indefinitely in vitro under strict culture conditions. Also, they have
the ability to differentiate into all types of cell body including all germ layers (ectoderm,
mesoderm, and endoderm)

receptors in specific body tissues that mediate insulin action, or production of
defective insulin hormone. Insulin is a peptide hormone that regulates glucose
uptake in body tissues; therefore inadequate insulin secretion and/or tissue-specific
insulin resistance leads to the accumulation of glucose in the blood stream in levels
above normal fasting glucose levels developing a condition known as hyperglyce-
mia. DM is classified mainly into two well-characterized types, type 1 (T1D) and
type 2 (T2D). T1D is characterized by a total lack of insulin production resulting
from the destruction of insulin-secreting f§ cells in pancreatic islets by autoimmune
attack [7]. This autoimmune process predominantly was found to be due to a
combination of genetic and environmental factors that might be developed during
childhood over several years before the disease diagnosis. Since the lack of insulin
production is the sole cause of T1D and this type usually appears in young age so
T1D was known as insulin-dependent diabetes and/or juvenile diabetes. Similarly
the development of T2D involves both genetic and acquired environmental factors.
Among these environmental factors obesity stands out as one of the most important
components that is linked to T2D [8, 9]. T2D represents ~90 % of patients suffering
from diabetes worldwide; therefore, it is considered the main type. T2D are
characterized by insulin resistance in insulin target tissues (muscle, liver, and fat)
and/or inadequate insulin secretion from the insulin-secreting f cells in the pancre-
atic islets [10]. It has been recently reported that obesity induces a specific type of
stress that suppresses signals to insulin receptors and thus forces tissues of the body
to become resistant to normal or even high levels of insulin [8, 9]. Tissue-specific
insulin resistance leads to hyperglycemia, which stimulates f§ cells in the pancreas
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to secrete more insulin to compensate high glucose levels in the blood. Insulin-
secreting f cells gradually lose their ability to produce sufficient amounts of insulin
needed for the body. Therefore T1D and T2D patients suffer from inadequate
insulin secretion and damage of insulin-secreting  cells by distinct mechanisms
[11, 12]. Other form of diabetes called “monogenic,” including maturity-onset
diabetes of the young (MODY) [13] and neonatal diabetes mellitus (NDM) [14],
which are rare disorders. These forms occur as a result of mutation(s) in a single
gene that is involved in the development of insulin-secreting f cells and/or func-
tionality of 3 cells (decreased glucose response of beta cells, induced cell death of 8
cells, or loss of membrane depolarization) [14].

Recently pancreatic f cells derived from PSCs are recognized as one of the
potential sources for cell-based therapy as well as disease modeling for diabetes.
This makes them a great tool in medicine that shows great promises to save millions
of diabetic patients in the years to come. Human iPSCs (hiPSCs) generated from
individuals suffering from the same type of diabetes and show similar clinical
manifestations may offer valuable information about certain predisposing genes
in diabetes and therefore allow a rational design of personalized therapies. There-
fore, in this chapter we give orientations to various aspects of ESCs and iPSCs
differentiation into pancreatic p cells and discuss the possibility of using
PSC-derived f cells as a tool for in vitro disease modeling and cell-based therapy
for diabetes.

6.2 Differentiation of Pluripotent Stem Cells
into Pancreatic p Cells

During embryonic development undifferentiated and unspecialized PSCs have a
unique power to generate several different kinds of cells, that buildup the human
body, through a process known as differentiation. Differentiation is a stepwise
process that starts with specific cell lineage determination and ends by irreversible
terminal differentiation to a specific cell type. This sophisticated process defines a
delicate balanced network of genes that are expressed under the control of complex
regulatory signal transduction pathways and synergistically work together to create
a molecular signature for each specific cell type [15, 16].

Human ESCs (hESCs) and hiPSCs are PSCs that are identical in their charac-
teristics and properties and fulfill the same differentiation capacity to generate
various cell types. This encourages several researchers to establish in vitro pro-
tocols that mimic the differentiation process during embryonic development [2, 17,
18]. Among these differentiation trials, differentiation of ESCs and/or iPSCs into
insulin-secreting f cells has been extensively studied, because of the importance of
these cells in diabetes research [19—24]. Successful generation of insulin-secreting
B cells from specific patient with a known form of diabetes will allow modeling
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Fig. 6.2 Schematic representation showing the differentiation of pluripotent stem cells into
mature pancreatic 3 cells. Several reports showed the differentiation of hESCs and hiPSCs into
pancreatic  cells, which are not fully functional in vitro. However, transplanting the differentiated
cells at the stage of pancreatic progenitors into mice leads to their maturation in vivo. Two recent
studies showed the ability of PSCs to differentiate into fully functional pancreatic p cells

diabetes and studying the disease pathogenesis in vitro. Furthermore, functional 8
cells generation may be a tool to cure diabetes through cell-based therapy.

There are several factors that tightly regulate pancreatic development and f cell
differentiation ranging from the expression of specific genes to the regulation of
signaling pathways. For instance Wnt signaling [25-27] and nodal/activin signaling
[28-30] have been reported to play an essential role in proper germ layer formation
during development. Therefore, the differentiation of PSCs (hiPSCs and hESCs)
into insulin-secreting f cells in vitro is performed in an optimized culture conditions
that harbor all the components needed for initiating the gene expression of main
transcription factors, which are essentially involved in pancreatic development.
Such strictly and controlled culture conditions is considered one of the most critical
factors that support the generation of functional pancreatic insulin-secreting 3 cells
from PSCs. Initially, a stepwise protocol that induces embryonic signal transduc-
tion pathways was widely used to differentiate hESCs into insulin-secreting 3 cells
[31]. This protocol guides PSCs into sequential differentiation of PSCs into defin-
itive endoderm (DE), pancreatic progenitors (PP), pancreatic endocrine
(PE) progenitors, and finally pancreatic p cells (Fig. 6.2).

Although the multistep differentiation protocol was widely used to differentiate
pancreatic P cells from PSCs [19-21, 32, 33], the efficiency of differentiation varies
between different hPSC lines [34, 35]. It is possible that this discrepancy in
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pancreatic p cell differentiation is due to the use of different cell lines. Indeed,
several studies reported the generation of pancreatic 3 cells from ESCs [21, 24, 32,
33, 36] and iPSCs [19-24]. However, there was limited capacity to generate
pancreatic  cells from PSCs that are capable to secrete adequate insulin levels
under different growth factors and conditions [32, 36, 37]. To overcome this
problem several trials have been done to modify culture conditions in a way to
enhance PSCs differentiation to functional cells that are capable of insulin secretion
[32, 36, 38, 39]. A number of studies focused on the modifications of the
two-dimensional monolayer cultures [32, 33, 36, 38, 40, 41] by exposing PSCs to
distinct signaling factors, that regulate specific signaling pathways, to mediate 8
cells differentiation. For example, transforming growth factor § (TGFp) signaling
was shown to be required for appropriate § cell differentiation and thus increases
the number of insulin-secreting cells to about 25 % [42]. This in vitro modifications
approach gathered sound evidence that indicate the vital role of specific pathways
in P cell differentiation enhancement. Also, several studies have used xeno-free
culture system to generate pancreatic f§ cells from PSCs in vitro [43—46].

Another approach that has been applied to enhance f cell differentiation was the
use of the three-dimensional culture conditions to form multicellular aggregates
known as embryoid bodies (EBs) [42, 47]. The three-dimensional approach helps to
enhance cell—cell and/or cell-extracellular matrices interactions, which has been
found to play an important role in p cell proliferation and function [48-50]. It is
possible that EBs formation enhances the interactions between insulin-secreting
cells by intercellular electric coupling, which in turn have a direct effect on
enhancing the kinetics of insulin production [51]. Yet the efficiency of P cell
differentiation in the modified three-dimensional EBs cultures was similar to that
of the two-dimensional monolayer one [42]. Notably, all these efforts to critically
refine P cell differentiation succeeded to enhance the maturation of insulin-
secreting cells generated from hESCs, only, when those cells were transplanted
into animals. In engrafted mice, hESCS-derived P cells were capable to respond
efficiently and secret insulin in response to glucose [38]. This indicate that there are
some specific signals and transcription factors that are still missing during the
in vitro differentiation process and are essential for the completion of f cell
maturation. Recently, Pagliuca and colleagues were able to identify those factors
and thus increase the efficiency of hPSCs to generate mature and functional
pancreatic  cells in vitro and in vivo [24]. In this study, the generated pancreatic
B cells were produced in massive scale, were significantly similar in character and
function to normal human f} cells, and were able to restore glucose levels in diabetic
mice. Such successful attempt to generate mature and functional pancreatic p cells
is considered a big leap towards a potential cell therapy treatment for diabetes.

6.2.1 Differentiation into Definitive Endoderm

At the late blastocyst stage, ICM segregates into two distinct lineages, primitive
endoderm (PE) and epiblast. The PE forms the extraembryonic tissues, which
surround the embryo, whereas the epiblast gives rise to the three primary germ
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layers. The innermost layer of the three germ layers derived tissues is the endoderm,
which is also called definitive endoderm (DE). DE is different than PE as it setup a
landmark for the development of many important tissues and organs of the respi-
ratory and digestive tracts including lung, liver, gall bladder, and pancreas
[52]. Importantly, several studies had demonstrated the formation of a transit
germ layer known as mesendoderm during the development of a number of animal
models such as zebrafish and mouse. This transitional germ layer has the capacity to
differentiate into either mesoderm or DE, hence the name [53-56]. Thus the
formation of DE is considered a main initial step in its subsequent lineage speci-
fication and differentiation processes for the generation of desired organs in vivo.
Likewise, in vitro differentiation of PSCs to generate cells belonging to the endo-
dermal lineage depends to a large great extent on the successful stimulation of DE
as a leading step during this multistep event (Fig. 6.2).

It has been shown that DE differentiation is recognized by the expression of
specific markers [57-60]. Several DE markers have been discovered, of which
SOX17, FOXA2, CXCR4, and GSC stand out as the most common and well-known
markers that discriminate DE from other tissues during development. During
hESCs differentiation to DE, 60-80 % of the cells express an array of DE markers,
however the PE marker, SOX7, was not detected in those cells [21, 31, 32, 38, 61,
62]. Interestingly, Sox17 alone was found to be enough to distinguish DE from the
other germ layers [63]. However, at the late blastocyst stage, Sox17 expression was
found to co-localize and coincide well with the expression of the PE marker Gata6
[64, 65], indicating that Sox17 cannot act as a single marker to distinguish DE from
PE. Altogether, it is not surprising that all those markers could be used as molecular
signature to purify and/or isolate DE from mouse ESCs (mESCs) as well as
hESCs [60].

It has been previously reported that there are several signals orchestrating the
differentiation of DE early during development [57, 58]. The first step in DE
differentiation is the formation of the primitive streak (PS), which is induced by
Nodal/Activin A signaling. Nodal is a ligand that is activated by Activin A, one of
the members of TGFp super family for growth and differentiation, to stimulate a
cascade of signaling events that regulates DE development [66]. It has been
previously shown that Nodal is the master regulator that induces DE [67]. Notably,
the crucial role of Nodal in the generation of DE and its subsequent derivatives
comes from the findings that demonstrated the absence of PS formation in Nodal—/
— mutant mouse embryo [28, 68]. This was further confirmed by the overexpression
of Nodal in mES cell lines, which upregulates the expression of ectoderm and DE
markers [69]. Similarly WNT signaling pathway plays an important role in embry-
onic DE differentiation. Like Nodal—/— mutant mouse embryo, it has been shown
that PS is not formed in mouse embryos lacking WNT pathway [26, 70]. This clear
involvement of specific signaling pathways in the DE development encourages
many researchers to develop a mimic DE differentiation system in vitro.

DE differentiation in vitro, from mESCs, hESCs, hiPSCs, is properly initiated by
various number of signaling pathways [21, 31, 36, 71-73], where Nodal/Activin
pathway stands out as the most prominent one. The differentiation of DE in vitro
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was demonstrated by treating ESCs, in adherent [31, 56, 74, 75] or EBs suspension
cultures [57, 76], with Activin A, to activate Nodal signaling. Importantly, such
activation is found to be dependent on the concentration of Activin A as it appears
to be crucial on cell fate determination. High concentrations (50-100 ng/mL) of
Activin A efficiently induces Nodal signaling, which in turn leads to DE differen-
tiation, whereas the mesoderm differentiation is initiated with the low concentra-
tions of Activin A (1-3 ng/mL) [47, 57, 77, 78]. Although Activin A was shown to
be vital for driving DE formation in both mESCs and hESCs, DE induction by
Activin A was significantly efficient in hESCs adherent cultures as compared to that
of mESCs [31, 74]. Altogether, these findings suggest the essential role of Activin
A in DE induction, which may reflect its widespread use in a number of pancreatic
or hepatic differentiation protocols [36, 38, 61, 79, 80].

Remarkably, this significant effect of Activin A is boosted by its combination
with other factors that have been shown to play an important role in DE differen-
tiation. The association of Activin A and bone morphogenetic protein (BMP),
another member of TGFf family, leads to a synergistic promotion of DE differen-
tiation in hESCs as measured by the co-expression of the DE specific markers,
FOXA2 and SOX17 [80, 81]. Consistent with above findings, the association of
Activin A with one of its family members, GDF8 (myostatin), effectively stimu-
lates the differentiation of ESCs into SOX17-expressing DE cells [82]. Thus, the
synergistic action of Activin and other TGFf family members is critical for proper
generation of DE. Beside TGFf family members, the association of WNT signaling
activators, such as WNT3A, CHIR9902, or GSK3p inhibitor, with Activin A
enhanced DE induction [74]. Notably, CHIR99021 [41] and GSK3 inhibitor [83]
were more potent in promoting SOX17- and FOXA2-positive endodermal cells as
compared to WNT3A. Given these results, it is perhaps not surprising that many
investigators have used Activin A and WNT activators as a standard combination in
their DE induction protocols to eventually generate hepatic or pancreatic lineages
from different cell lines including iPSCs [27, 31, 38, 42, 61, 62, 72]. However,
recently, these combination experiments with Activin A were expanded to include
sodium butyrate [32] or PI3K pathway antagonists [21, 71]. Interestingly, the
efficiency of hESCs differentiation to the DE lineage significantly increases to
reach approximately 90 % after cells were treated with a mixed combination of
activin A, CHIR99021, and wortmannin (PI3K inhibitor) [84], indicating the vital
role played by several signaling pathways, by either activation or inhibition, in DE
differentiation. Although this crucial role was demonstrated by Activin A and its
associated factors in DE differentiation, the addition of small molecules such as
IDE1 and IDE2 was found to mimic Activin A and stimulate the differentiation of
80 % of hESCs into the DE lineage [85]. This is significantly higher number of
differentiated cells as compared to the ones generated using Activin A alone.
Therefore, it is possible to predict the wide use of chemical compounds instead of
recombinant proteins in the future DE differentiation experiments.

Finally, the efficiently generated DE is anticipated to further differentiate into its
final endodermal derivatives such as liver and pancreas progeny cells. Thus, to
stimulate pancreatic lineage differentiation, in vitro, the hepatic lineage has to be
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blocked. To induce this specific lineage inhibition, several types of growth factors
such as SU5402 (FGF receptor antagonist) and Noggin (BMP antagonist) [61] have
been identified and found to switch off the direction to hepatic generation in treated
cells. This is considered a critical step towards engaging DE towards the differen-
tiation into pancreatic progenitors and eventually pancreatic 3 cells in vitro.

6.2.2 Differentiation into Pancreatic Progenitors

Pancreatic lineage differentiation is stimulated by two contrary effects of BMP
signaling pathway [86]. The first effect is an inhibitory one where those signals are
suppressed in the dorsal endoderm to direct the differentiation of the cells into the
pancreatic lineage; however, the other effect is reflected by the activation of BMP
signaling after pancreatic cells formation. Activation of BMP signaling has been
found to be required for the regular expression of the pancreatic and duodenal
homeobox 1 gene (PDX1) [86], a transcription factor that plays a vital role in early
pancreatic development [87]. The expression of PDX1 has been detected in all
pancreatic precursor cells and was found to be associated with different stages
during the development of the pancreas. At the initial phases of endocrine specifi-
cation, cells would not express PDX1, while at later stages when cells are commit-
ted to pancreatic lineage specification, PDX1 expression increases. This increase
has been found to be essential in pancreatic development, enhance B cell function,
and is engaged with the secretion of insulin [87]. The essential role of PDX1 during
pancreatic development has been demonstrated by the failure of Pdx1 knockout
mice to grow a pancreas during embryonic development [88], whereas its ectopic
expression leads to the formation of pancreatic progenitors from the epithelium
[89]. This role has been also confirmed by other studies that reported the generation
of insulin-secreting cells from mESCs overexpressing PDX1 [90, 91]. Therefore
PDX1 expression is known to be a hallmark of switching from the endocrine stage
to pancreatic progenitors formation.

It has been previously shown that several factors regulate the differentiation of
PDX1-expressing cells in vitro. These factors induce such differentiation process
by either activation or inhibition of different signaling pathways. One of these
signaling pathways that has shown a notable involvement in DE differentiation into
pancreatic cells is HEDGEHOG signaling pathways [92]. During DE induction
HEDGEHOG signals were upregulated whereas PDX1 expression was suppressed
[93, 94], indicating that using compounds and/or factors that repress HEDGEHOG
signaling would induce the expression of PDX1. Indeed, the natural occurring
compound, Cyclopamine or KAAD cyclopamine, has been found to induce the
generation of PDX1-expressing cells through the inhibition of HEDGEHOG-
signaling in both human and mouse ESCs [33, 36, 38, 40, 42, 95]. Also, the basic
growth factor, FGF2, has been used extensively in pancreatic progenitors expansion
protocols as it inhibits sonic hedgehog (Shh) expression, which in turn stimulates
PDX1 expression [32, 37, 39, 91, 96]. Interestingly, this regulatory mechanism was
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found to be concentration dependent, where high concentrations of FGF2 induce
Shh expression that block the expression of PDX1 while treating cells with low
concentrations of FGF2 leads to adverse effects [97]. Although collectively this
data indicate that PDX1 activation is associated with Shh inhibition, one contro-
versial study reported the significant activation of both PDX1 and Shh expression
by Activin B in differentiating hESCs as EBs [98].

Other pathways that were found to play a role in pancreatic progenitors devel-
opment is NOTCH, epidermal growth factor (EGF), TGFp, and protein kinase C
(PKC) signaling pathways. NOTCH signals are activated by Fibroblast growth
factor 10 (FGF10) that subsequently lead to the proliferation of PDX1-expressing
pancreatic progenitors [99]. Similarly the induction of EGF pathway enhances the
expansion of these cells [21]. Although the involvement of TGFp signaling in
pancreatic precursors generation has been previously reported, the exact possible
role(s) of this pathway need to be elucidated. It has been found that TGFp2
significantly induces the expression of PDX1 in mESCs, whereas same family
members such as TGFa and TGFp1 did not induce the formation of PDX1-positive
cells [100]. Despite the inability of TGFp1 to generate PDX1-positive cells, an old
report had demonstrated its role in improving the generation of endocrine cells from
the pancreatic cells of fetal mouse [101]. On the other hand, the PDX1-positive
cells generated by TGFB2 were incapable to secrete either glucagon or insulin
despite their ability to express known endodermal markers [100]. This might reflect
a distinct role of TGFP1 and TGFp2 in pancreatic development where the first may
help in endocrine cells development whereas the later is involved in the early stages
of pancreatic lineage specification. Like the previously mentioned pathways, the
activation of PKC pathway leads to the generation of PDX1 pancreatic progenitors
in hESCs [33]. This activation was induced by a small molecule, Indolactam V, and
enhanced by treating the cells with retinoic acid (RA) and dorsomorphin (a BMP
type 1 receptor inhibitor) [41]. Moreover, the inducible effect of PKC on PDX1
pancreatic progenitors generation was further confirmed by Rezania and colleagues
who found that another two PKC activators (TBP and PBDu) enhances PDX1
expression during the late stages of pancreatic differentiation in hESCs [102]. As
pancreatic progenitors have incessant needs for PDX1 expression, the interaction
between signaling pathways that regulate its expression is vital for successful
pancreatic differentiation.

6.2.3 Differentiation into Endocrine Cells

Neurogenin 3 (NGN3) is another well-known marker that is detected during late
pancreatic development and has shown to play an important role in the growth of
endocrine precursors of the pancreas. Such critical role has been confirmed by the
mice knockout studies that were done on the gene expressing this transcription
factor and showed the inability of Ngn3 deficient mice to initiate the growth of the
known pancreatic endocrine cells that secrete insulin, glucagon, pancreatic
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polypeptide, or somatostatin [103]. Indeed, during endocrine differentiation,
NGN3-positive cells were generated after the formation of PDX1 pancreatic pro-
genitors and were shown to give rise to those islets of pancreatic endocrine cells
[104], thus NGN3-positive cells are considered islet progenitors. Similar to PDX1,
the expression of NGN3 is regulated by different signaling pathways, however, the
mechanisms in their regulation is different than PDX1. Among these pathways
NOTCH signaling stands out as the one most well-known critical pathway in
regulating the switch from pancreatic progenitors to endocrine cells development.
As mentioned above, PDX1 expression is stimulated by the activation of NOTCH
signaling, which will also inhibit NGN3 expression to sustain the expansion of
pancreatic progenitors. Once NOTCH signaling is blocked, NGN3 expression is
enhanced and the endocrine lineage is initiated as indicated by the formation of
NGN3-positive cells [105, 106]. This role of NOTCH signaling during pancreatic
development has been reflected by an enhanced differentiation of endocrine cells in
NGN3-overexpression mouse embryos or the inhibition of this differentiation by
the continuous activation of NOTCH signaling [107, 108]. Interestingly, NOTCH
signaling effector genes, Hesl [103, 104, 109], and NGN3 gene activator, Sox9
[110], have been found to control the regulatory function of NOTCH during
pancreatic differentiation. High levels of NOTCH induce Hesl gene expression
where Hesl bind to Ngn3 and block its expression to interfere with endocrine
differentiation, whereas in conditions where NOTCH levels are low SOX9 over
rides the binding effect of HES1 to Ngn3 and stimulates its expression, which in
turn stimulate endocrine cell differentiation. This indicates that NOTCH regulates
pancreatic differentiation fate in dose-dependent manner rather than a switch on/off
mode. The effect of NOTCH signaling on endocrine progenitors generation had
been also demonstrated in in vitro pancreatic differentiation protocols [33, 36, 40],
where cells were treated with a gamma secretase inhibitor (DAPT) after pancreatic
progenitors formation. This treatment enhances the expression of NGN3 by the
direct inhibition of NOTCH and thus directs the cells towards endocrine fate.
However, formation of NGN3-positive cells was not consistent as it depends on
the cell line used.

It is worth to note that several studies had linked the differentiation of PDX1-
positive cells into NGN3-positive cells to different types of specific treatments.
Treatment of hESC-derived PDX1-positive pancreatic cells with an inhibitor of
TGFp type 1 receptor inhibitor known as SB431542 stimulates the differentiation of
those cells into NGN3-positive cells [41, 111]. Reserpine and tetrabenazine (TBZ),
two vesicular monoamine transporter 2 (VMAT?2) inhibitors, display the formation
of NGN3-positive endocrine precursors from PDX1-positive cells [112]. In line
with this, treating iPSCs with high concentrations of NOGGIN induces the differ-
entiation of PDX1-positive pancreatic progenitors into NGN3-positive pancreatic
endocrine progenitor cells [46]. It is worth to note that initial culture cell density
affects drastically the differentiation ability of PSCs into pancreatic endocrine cells.
For example, it has been previously shown that hESCs seeded in high densities
showed a significant increase in cell differentiation rate into PDX1- and
NGN3-positive cells as compared to those cultures with low number of cells
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[113]. The link between PDX1 and NGN3 has been also shown on the studies done
on mESCs that demonstrated a significant increase in insulin secretion in cells
co-expressing PDX1 and NGN3. This effect was only seen in endoderm
populations derived from EB indicating the specificity of PDX1 and NGN3 to
pancreatic endocrine [114].

6.2.4 Differentiation into Pancreatic f§ Cells

The terminal phase of pancreatic differentiation includes the transfer of endocrine
cells from the immature to the mature phase that is characterized by the formation
of functional B cells. Mature and functional f cells are known to be cells that secret
a single hormone (insulin) in response to glucose. Mature pancreatic f cells
generation from hESCs as well as hiPSCs has been previously reported and is
indicated by the expression of different markers such as PDX1, MAFA, NKXG6.1,
NEUROD, ISL-1, and GLUT2, C-peptide, and INS (insulin) [21]. The homebox
transcription factor NKX6 homebox 1 (NKX6.1) is the most well known among
these factors to potentially induce the generation of mature f§ cells and maintain
their function. The in vivo ablation of NKX6.1 was sufficient to interfere with the
development of pancreatic cells in the knockout mice, where as the development of
these cells were restored when NKX6.1 was re-expressed in pancreatic progenitor
cells [115]. In accordance with this, diabetic mice transplanted with NKX6.1
expressing cells showed a dramatic decrease in glucose levels after transplantation;
however, in those that harbor cells expressing low levels of NKX6.1, no noticeable
changes in hyperglycemia were observed [116]. Such significant role of NKX6.1
has been further confirmed by parallel studies done by Taylor and colleagues who
showed that inactivation of NKX6.1 gene from the p cells of adult mice leads to the
development of diabetes, which is associated with an insufficient production of
insulin. Such gene inactivation leads also to a significant effect on the genes
responsible for regulating insulin synthesis and secretion in f cells [117]. In
addition, NKX6.1-positive cells generated from hESCs treated with EGF, NOG-
GIN, nicotinamide, and BMP and HEDGEHOG inhibitors then transplanted into
SCID mice were able to generate insulin-secreting cells as well as other types of
endocrine cells in vivo [118]. Moreover, a recent study showed that the expression
of two members from the nuclear receptor subfamily 4 (Nr4al and Nr4a3) is
regulated by NKX6.1 and their expression is correlated to f cell proliferation
[119]. Collectively these results reflect the vital role of NKX6.1 as a master
regulator in f cell maturation and insulin secretion. Interestingly, this has been in
line with the low expression levels of NKX6.1 in pancreatic  cells of patients with
type 2 diabetes [120].

In addition to NKX6.1, the role of other transcription factors in enhancing the
differentiation of pancreatic f cells has been previously reported [90, 121,
122]. Those factors are known to play a role in pancreatic development and
promoting cell proliferation in embryos. One of these factors, paired box4
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(PAX4), one of the Pax gene family that is known to play an important role in
pancreatic endocrine cell development [123], is expressed mainly in pancreatic
islets specifically  and & endocrine cells indicating its significant role in those cells
[124, 125]. In mice lacking Pax4 gene, neither f cells nor & cells are formed, where
as a cells formation increases as indicated by the high expression levels of ARX, a
specific marker for o cells generation [125, 126]. It has been previously reported
that during embryonic development PAX4 represses ARX expression to enable the
development of pancreatic f cells [127, 128]. Consistent with this, PAX4
overexpression in pancreatic progenitors generated from hESCs, interfere with
ARX and glucagon expression and efficiently formed f cells that are able to secrete
insulin only [129]. The enhancement of pancreatic p cell differentiation is specific
after PAX4 overexpression [130], because the overexpression of PDX1 in hESCs
failed to generate f} cells and only stimulates the formation of pancreatic endocrine
cell during differentiation within EB [131].

Importantly, genetic studies had correlated well different mutations in Pax4 gene
with T1D, T2D, and MODY in different populations [132—137]. The common
feature between T1D and T2D is pancreatic f§ cell destruction; therefore it is logical
to point out the vital role of PAX4 in P cell maintenance and survival. This was
confirmed by the in vivo experiments that showed that mice overexpressing PAX4
within their f cells did not develop hyperglycemia when they were treated with
streptozotocin (STZ), a toxic compound that destructs insulin-secreting cells,
whereas hyperglycemic animals expressing Pax4 mutation (R129W), that is linked
to T2D, develop high glucose levels and showed noticeable degree of {3 cell death
[138]. Moreover, a recent study showed the presence of genuine population of
PAX4 expressing cells within mice pancreatic islets and its existence was linked
with the active functional status of f cells [139]. It is noteworthy that the effect of
PAX4 on P cell differentiation is reversed after long periods of the protein
overexpression in vivo, where f cells loses its defined structure as well as its ability
to secrete insulin [138]. Overall this data define PAX4 as a prominent factor that
plays a critical role in maintaining the functionality and maturity of pancreatic 3
cells.

For several years, tremendous efforts have been directed towards the production
of functional and mature pancreatic p cells, which has been defined as the main
challenge during in vitro differentiation. This has been done by treating cells with
different compounds and/or factors such as forskolin (an adenylate cyclase activa-
tor) and dexamethasone (a synthetic adrenocortical steroid) [41], hepatocyte growth
factor (HGF), insulin growth factor 1 (IGF-1), and glucagon-like peptide 1 (GLP-1)
[140]. Although both hESCs and hiPSCs have been shown as a reproducible
generation of pancreatic  cells that secrete insulin in vitro [20, 21, 32, 36-38,
42,47, 61, 80, 141, 142], these cells are not recognized as mature or functional 8
cells as they did not respond to the glucose challenge test and did not express the
main markers that reflect f cell maturity such as NKX6.1 and MAFA [20]. In
addition, the differentiated cells derived from these studies are multi-hormonal



6 Pluripotent Stem Cell-Derived Pancreatic 3 Cells. . . 113

secretory cells, where they have shown the ability to simultaneously secrete insulin,
glucagon, and C-peptide. Therefore, they lack a hallmark feature of functional
pancreatic f cells, which is the mono-hormonal secretion of insulin. Despite the
fact that these cells were not functional in vitro, pancreatic progenitors expressing
PDX1 were able to generate mature endocrine cells in vivo, as reflected by their
ability to secrete insulin and show an expression profile similar to that at the
comparable stage during pancreatic development [102]. This data leads to a con-
troversial opinion on the capability of PSCs to generate mature and functional 3
cells that are able to respond to glucose and secret insulin [143].

Recently several research groups were able to produce f cells from PSCs both
in vitro and in vivo. A combined treatment of a cell-permeable cAMP analog
(dibutyryl adenosine 3,5’ -cyclic AMP) and two VMAT?2 inhibitors (reserpine and
tetrabenazine) efficiently promotes the differentiation endocrine precursors derived
ESC:s into pancreatic f cells that respond to glucose in vitro and combat hypergly-
cemia in vivo [112]. In addition, a stepwise protocol for § cell differentiated from
hESCs successfully produced cells that secrete insulin in response to glucose
in vitro and were able to reverse diabetes in vivo [144]. However, those cells
were not yet fully mature as compared to normal pancreatic f cells in human.
Remarkably, successful generation of massive numbers of functional pancreatic §
cells that fully resemble those of the human pancreas has been recently achieved
in vitro. These differentiated pancreatic  cells were capable to significantly
decrease high glucose levels when transplanted into diabetic mice [24]. Moreover,
Russ and colleagues recently developed a simple and fast protocol that omit BMP
inhibitors, commonly used during pancreatic differentiation, use retinoic acid to
produce PDX1-positive cells, and subsequently add EGF and KGF to generate
PDX1/NKX6.1-positive progenitors with high efficiency (~90 %). PDX1/NKX6.1-
positive progenitors are induced to differentiate into NEUROG3-positive endocrine
cells. These treatments avoid polyhormonal endocrine cell production and lead to
an efficient and large scale in vitro differentiation into pancreatic beta cells that
secrete insulin only and sustain its mature and functional status after transplantation
into diabetic mice [145]. The recent data on the successful generation of functional
pancreatic 3 cells in vitro renew the hope in developing an efficient cell therapy for
diabetes.

6.3 Maturation of Pancreatic f§ Cells

The mechanisms initiating the conversion of immature pancreatic f cells into
maturity during development are not known. Functionality and maturity of pancre-
atic P cell-derived PSCs are crucial to for cell replacement therapy as well as to
understand the pathophysiology of the disease in vitro. As mentioned above, several
reports showed the differentiation of PSCs into pancreatic f cells that are glucose-
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responsive in vivo, but they have very limited response to glucose in vitro and are
polyhormonal [19-21, 32, 33, 146] indicating that the in vivo microenvironment
may contain specific factors enhancing the maturation process. The difficulties to
obtain fully functional pancreatic p cells in vitro, which are highly responsive to
glucose, may be because the differentiated cells are closely similar to those of
human fetal p cells (not adult § cells) as previously reported [146]. It has been
reported that fetal pancreatic p cells secrete insulin regardless of alterations in
glucose levels [147, 148].

Transplantation of pancreatic progenitors (PDX1-positive cells) or immature
pancreatic p cells into healthy [38, 47] or diabetes mice [102] leads to their
differentiation in vivo into mature and functional B cells (Fig. 6.2). Also, pancreatic
progenitors can differentiate into functional f cells inside the macrocapsules after
transplantation, where they can secrete insulin, glucagon, and somatostatin
[149]. Furthermore, transplantation of pancreatic f cells derived from iPSCs into
mouse models, recapitulating T1D and T2D, leads to their differentiation into
glucose-responsive f cells in vivo and reduces hyperglycemia in those mice
[111, 150, 151]. The mechanism of maturation is still not clear. However, several
factors have been found to be involved in the maturity of pancreatic f cells.
Previous reports demonstrated that the process of changing from immature to
mature of f cells is associated with chromatin remodeling [141, 152-154]. It has
been found that MAFB is expressed in pancreatic f cells only during the early
development. However, MAFA is increased with the maturity of f cells [155—
157]. MAFA and NeuroD have been found to be involved in the maturation of 8
cells [155, 156, 158]. Also, TGF-$ and thyroid hormone are also involved in the
maturation process of f cells [159, 160]. Furthermore, loss of the important
transcription factors such as PDX1, NKX6.1, and MAFA leads to immaturity of 8
cells because these factors are involved in insulin production and its response to
glucose [36, 38, 161]. In addition, a corticotropin-releasing factor known as
urocortin 3 (Ucn3) is secreted by insulin-secreting P cells and is linked to insulin
secretion in response to glucose stimulation [162]. A previous study showed
inability of pancreatic f cells to secrete Ucn3 in vitro; however, it is expressed
during in vivo maturation [147].

Three recent studies reported the ability of PSCs to differentiate into fully
functional pancreatic f§ cells, which are similar to human adult pancreatic f§ cells.
The generated B cells secrete only one hormone (insulin) and respond to glucose
stimulation [24, 144, 145]. Interestingly, it has been indicated that the
polyhormonal cells are produced from the pancreatic progenitors (PDX1-positive
cells), which are not expressing NKX6.1. Removing BMP inhibitors during spec-
ification stage of the pancreas can prevent this. Thus, generation of PDX1-positive
progenitor cells, which are also positive for NKX6.1, before NEUROG3 induction
(endocrine progenitors) leads to the generation of functional pancreatic f§ cells
in vitro (glucose-responsive cells) [145].
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6.4 Patient-Specific Pluripotent Stem Cells for In Vitro
Modeling of Diabetes

In the past few years, several studies reported the generation of patient-specific
PSCs from the somatic cells of diabetic patients. The generated PSCs can be
differentiated into insulin-secreting P cells that are genetically identical to the
patient profile. This is a great advantage that protects these cells from being rejected
by the immune system and in turn becomes an attractive tool for future cell therapy.
Furthermore, it is now possible to model diabetes by culturing insulin-secreting 8
cells generated from a specific patient with a known form of diabetes and studying
the disease pathogenesis in vitro. Disease modeling using patient-specific iPSCs has
the potential to give more understanding into the cellular and molecular defects of
diabetes and to enable new cell-based drug discovery [163, 164]. The generation of
iPSCs from diabetic patients has been well documented. Importantly, it did not
cover only one type of diabetes, but its production spread out to include a broad
range of patients who suffers from different types of diabetes including T1D and
T2D [19, 22, 23, 140, 165-167] (Fig. 6.3).
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Fig. 6.3 Generation of patient-specific iPSCs from diabetic patients. Patient-specific iPSCs can be
differentiated into functional pancreatic beta cells, which can be used for transplantation therapy.
Also, they can be differentiated into insulin target cells, such as adipocytes, hepatocytes, and
skeletal myocytes. Those cells can be used to study the pathophysiology of the disease as well as
for the drug screening
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Fig. 6.4 hiPSC-based model of Wolfram syndrome. hiPSCs have been generated from patients
suffering from mutations in WFS1 gene (Wolframin). Pancreatic p cells derived from WFSI-
specific hiPSCs showed an increase in ER stress and inability to respond to glucose. However,
treating the cells with a chemical chaperone (4-phenyl butyric acid) leads to generation of
functional pancreatic f cells, responding to glucose stimulation

Maehr et al. have generated the first patient-specific hiPSC from T1D patients
using three TFs [19]. Interestingly, Bhatt et al. reported very low reprogramming
efficiency of fibroblasts isolated from long-standing T1D patients (with T1D for
more than 50 years) with severe (Medalist + C) complications. iPSCs generated
from those patients showed impairment in their proliferation and differentiation
ability due to an increased levels of miR200 in the parental cells and the generated
iPSCs [168]. In a recent study, patient-specific ESCs have been successfully gener-
ated from somatic cells of T1D patients [163]. Also, hiPSC lines have been gener-
ated from T2D elderly patients (5678 years old) and are able to differentiate into
pancreatic f§ cells [140]. Interestingly, hiPSCs generated from patients with severe
insulin resistance due to mutations in the insulin receptor (INSR) showed defects in
self-renewal ability and gene expression of undifferentiated hiPSCs, indicating that
genetic defects in the insulin signaling can change iPSC characteristics [169]. Fur-
thermore, hiPSC lines have been generated from patients suffering from Wolfram
syndrome, which is characterized by insulin-dependent diabetes due to mutations in
WES1 [170]. Pancreatic p cells differentiated from WFS1-iPSCs exhibited elevated
levels of endoplasmic reticulum (ER) stress mediators and reduced insulin signals.
Also, in vitro exposure of WFS1 iPSC-derived P cells into ER stress leads to
impairment in insulin signaling and inability to respond to glucose. Interestingly,
treatment of p cells with 4PBA, a chemical chaperone, is able to rescue pancreatic 3
cells from the adverse effect of ER stress [170] (Fig. 6.4).
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The establishment of patient-specific iPSCs from monogenic diabetes, MODY,
is essential to understand functions of MODY genes in the development of pancre-
atic beta cells as well as their roles in the pathogenesis of diabetes. Recent studies
reported the generation of several hiPSC lines from different types of MODY
patients, including MODY1 (HNF4A), MODY2 (GCK), MODY3 (HNFIA),
MODYS5 (HNFIB), and MODYS8 (CEL) patients [23, 165]. hiPSCs generated
from MODY?2 patients with two inactive GCK alleles are not able to differentiate
into pancreatic beta cells; however, GCK gene correction rescues the ability of
MODY?2-specific iPSCs to differentiate into pancreatic f cells that respond to
glucose [23]. Recently, hiPSC lines have been generated from Japanese MODY5
patients with R177X mutation [167]. During the differentiation of Japanese
MODYS5-IPSCs into pancreatic f cells, it has been found that R177X mutant
mRNAs are disrupted by nonsense-mediated mRNA decay [167].

The reprogramming efficiency is very crucial because producing iPSCs with
different qualities might affect the obtained results. For example, the ability of
patient-specific iPSCs to differentiate into insulin-secreting f cells showed
intrapatient variations in several studies [20, 22, 42]. There are several factors
involved in the reprogramming process, which may be the cause for these varia-
tions. One of these factors is the genetic background of the somatic cells. ESCs and
iPSCs generated from nonobese diabetic (NOD) mice, which develop diabetes
similar to human T1D, have defects in their pluripotent abilities [171]. This indi-
cates that the genetic background of the patients can affect the reprogramming
process as well as the pluripotent state. Furthermore, the reprogramming method
may affect the efficiency. Using viral vectors, integrating into the genome, can
induce mutations and subsequently affect pluripotency and differentiation of iPSCs
[2, 4, 172]. However, recently several studies showed the generation of iPSCs using
non-integrating vectors, such as using Adeno viral vectors [173, 174] and Sendai
viral vectors [166]. Transgene-free patient-specific iPSCs have been produced from
T1D and T2D patients with Sendai viral vectors [166]. Some reports showed that
Cre/LoxP recombination [175, 176] and seamless excision of piggyback trans-
posons could be used to produce transgene-free iPSCs [177]. Also, iPSCs are
generated directly using recombinant proteins [178, 179].

6.5 Therapeutic Application of Pluripotent Stem Cells
in Diabetes

There is a progress toward the treatment of T1D using PSCs. In case of T1D, the
transplanted cells must be protected from the immune system to avoid their
damage, even if they are originated from the same patient, as a result of autoim-
mune defects.

Recently, Viacyte Company developed encapsulation device, which can protect
the transplanted cells from the immunological attack. The company obtained FDA
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approval in 2014 and started phase 1/2 of the clinical trials. Encapsulated hESC-
derived pancreatic progenitors (PDX1-positive cells) are transplanted under the
skin of T1D patients. These progenitor cells can differentiate in vivo into different
pancreatic cells expressing insulin, glucagon, and somatostatin. On the other hand,
after the success of Melton and his colleagues to obtain fully functional insulin-
secreting B cells from PSCs [24], they are currently developing new encapsulation
device to be able to use them for the treatment of T1D. Taken together, these steps
indicate that we are very close to see approved treatment for T1D.

A previous study showed that transplantation of hESC-derived pancreatic epi-
thelium (hESC-PE) in encapsulation device leads to their differentiation into
functional pancreatic f cells [180]. Therefore, encapsulation technology is an
important way to protect the transplanted cells. However, future studies should
focus on how to treat the deviations in the immune system to be able to transplant
insulin-secreting cells without protection devices.

6.6 Conclusion and Future Directions

There is no doubt that the field of stem cell research related to diabetes and
pancreatic  cell development has substantially developed. However, several stud-
ies are needed to address the challenging facing the field. Maturation of iPSC-
derived pancreatic f cells is essential to study the pathophysiology of the disease as
well as to be used for cellular therapies. The maturation of pancreatic f cells is
identified with their ability to secrete insulin in response to glucose stimulation.
Several studies reported the ability of PSCs to be differentiated into pancreatic f§
cells, which are glucose-responsive in vivo, but they have very limited response to
glucose in vitro [19-21, 23,32, 33, 116, 141, 146, 152—154]. Recently, three studies
reported the ability of PSCs to differentiate into fully functional pancreatic § cells,
which are similar to human adult pancreatic p cells. The generated f cells secrete
only one hormone (insulin) and respond to glucose stimulation [24, 144, 145]. How-
ever, further studies are needed to simplify the method of generating fully func-
tional pancreatic p cells in vitro through understanding pathways involved in the
maturation process. In addition, the tumorigenicity of iPSCs should be considered
carefully, because some genes used to reprogram somatic cells into pluripotency are
oncogenic (c-MYC and KLF4) [181, 182]. Recent studies have reported that iPSCs
can be generated without MYC, which is an oncogenic gene [19, 183, 184].

To use pancreatic f cells for cell replacement therapys, it is essential to differen-
tiate them into a pure population of differentiated cells to avoid development of
teratoma formation after transplantation into patients because the contamination
with undifferentiated pluripotent cells induces teratoma. However, in case of using
encapsulation technology, the growth of unwanted pluripotent cells is controlled
within the capsule [180, 185].

Using of hESCs in regenerative medicine faces a lot of concerns in several
countries in the world, because of the ethical and religious issues. Also, using
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hESC:s for cell therapy faces the problem of immune rejection as the differentiated
cells are not genetically identical to the patients. However, recent studies have
solved the immune rejection issue through generation of patient-specific hESCs
using somatic cell nuclear transfer (SCNT) method [163, 186], but this technology
remains ethically more complicated. Therefore, using iPSC technology is more
appropriate since it avoids ethical and religious concerns and can provide cells
immunologically identical to those of the patients.

Future studies are needed to improve our understanding of the pathophysiology
of different forms of diabetes as well as providing new therapies. Detailed tran-
scriptional analysis using the genomic approaches should be done during the
differentiation process to identify signaling pathways, which are involved in mat-
uration and functionality of pancreatic p cells. Also, identifying defects responsible
for the development of different forms of diabetes will help in discovery of new
drugs and tools to treat diabetes. It has been found that animal models do not
completely reflect the diabetes phenotype in humans, for example, in several types
of MODY (mice with heterozygous mutations have no diabetes) [187] and Wolfram
Syndrome [188]. Thus, generation of hiPSCs from patients suffering from those
forms of the disease and their differentiation into beta cells can serve as appropriate
substitute human in vitro models to study diabetes. Genome editing technology has
been used to model MODY?2, where the pancreatic beta cells generated from
hiPSCs with GCK mutation are not responsive to glucose [165]. Furthermore,
insulin resistance can be studied using patient-specific iPSCs. Generation of hiPSCs
from patients with genetic defects in insulin signaling components such as INSR,
AKT, and TBC1D4 and their differentiation into target cells such as skeletal muscle
cells, adipocytes, and hepatocytes would be helpful to study defects during devel-
opment. Also, it will give insights on the mechanisms underlying hyperglycemia
and hyperinsulinemia. In case of T1D, the defects in autoimmunity lead to an
immune-mediated damage of pancreatic beta cells. Therefore, generation of hiPSCs
from T1D patients and their differentiation into T lymphocytes and pancreatic beta
cells enable us to examine the interaction between lymphocytes and beta cells
in vitro.
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Chapter 7
Clinical Applications of Induced Pluripotent
Stem Cells in Cancer

Teresa de Souza Fernandez, André Luiz Mencalha, and Cecilia de Souza
Fernandez

7.1 Introduction

Cancer pathogenesis has been studied through different approaches, as animal
models and cell cultures, using mainly cell lines. Much of our understanding of
cancer cell biology, including the aspects of gene regulation and signaling path-
ways, has come from studies of cancer cells in culture. But, theoretically, the best
model to study cancer is the primary patient samples, although the amount of
obtained cells may be inadequate for various analyses [1-3]. Despite some studies
initiated a research in genomic analyses in a single-cell of cancer trying to define
the clonal architecture of tumors [4, 5], the discovery of the human induced
pluripotent stem cells, hiPSCs, opens a new perspective to study the biology of
different diseases, including cancer [2, 3, 6].

It is very important to study the pathogenesis of cancer because this disease is a
major cause of mortality through the world. Cancer evolves by a process of clonal
expansion, genetic diversification, and clonal selection. The dynamics are complex
and with highly variable patterns of genetic diversity and resultant clonal architec-
ture [7]. Cancer cells have diverse biological capabilities that are conferred by
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numerous genetic and epigenetic modifications [1]. Classical cancer therapies, as
surgery, radiotherapy and chemotherapy, are the first therapeutic choice against
cancer for many patients [8]. However, many challenges have been emerged to
cancer treatment. For the development of new molecular target therapies, several
studies have been done with the aim of identifying biomarkers involved in cancer.
High-throughput platforms have been used for the genomic, transcriptomic, prote-
omic and epigenomic analyses to search for new biomarkers involved in cancer and
to bring new insights into the several aspects of cancer pathophysiology including
angiogenesis, immune evasion, metastasis, altered cell growth, death and metabo-
lism [1, 9—14]. However many studies are still necessary to better understand the
development and evolution of cancer, such as the molecular characterization of
resistant cancer cells. The resistant cancer cells emerged in different kinds of
tumors and research groups are studying these molecular mechanisms, especially
in cancer stem cells (CSC) because of their dual role, as a tumor-initiating cell and
as a source of treatment resistance cells [15-17].

The hiPSCs open new opportunities in biomedical sciences, since these cells
may be useful for understanding the mechanisms of diseases. The hiPSCs are being
used to make disease models, to develop new drugs and test toxicity and in
regenerative medicine. Reprogramming technology offers the potential to treat
many diseases, including neurodegenerative diseases, cardiovascular diseases and
diabetes. In theory, easily accessible cell types (such as skin fibroblasts) could be
obtained from a patient and reprogrammed, effectively recapitulating the patients’
disease in a culture system. Therefore, such cells could serve as the basis for
autologous cell replacement. Human iPSCs have the potential to become a platform
for personalized medicine by allowing a patient’s own cells to become a source of
therapeutic tissue. However, depending on the methods used, reprogramming adult
cells to obtain hiPSCs may pose significant risks that could limit their use in clinical
practice. For example, if viruses are used to genomically alter the cells, the
expression of cancer-causing genes, ‘“oncogenes,” may potentially be triggered
[18]. Many different groups have successfully generated iPSCs, but due to different
techniques, their methods of calculating efficiency of conversion are varied
[19-21]. In this chapter, we show the recent advances in hiPSCs basic research
and some potential clinical applications in cancer. We also present the importance
in using statistical methods to evaluate the validation of the hiPSCs for future
therapeutic use.

7.2 Discovery of Human Induced Pluripotent Stem Cells

In 2006, induced pluripotent stem cells (iPSCs) were first developed by the research
group from Yamanaka’s laboratory at Kyoto University, Japan. Initially,
researchers have performed iPSCs derived from somatic mice cells, from where
DNA vectors containing cloned embryonic expressed genes were transfected, by
retroviral methodology [22]. These genes encoded transcription factors (TFs)
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expressed in undifferentiated embryonic inner cell mass (ICM). Since these genes
are expressed in undifferentiated cells, being able to differentiate into any adult
tissue, their forced expression could promote cellular pluripotency capacity. The
TF-reprogramming genes, Oct-4, Sox2, Kif4, and c-Myc, were used for iPSC
establishment and induced pluripotency phenotype of adult somatic cell to undiffer-
entiated cell [22]. The transcriptional factor Oct-4, encoded by POUF5F1 gene, is
temporal-spatially expressed in ICM and is promptly downregulated in gastrulation
stage. Oct-4 is essential for preserving the pluripotent state of embryonic cells
[23]. Sox-2 is a transcriptional factor, which belongs to the high mobility group
(HMG) superfamily, responsible for regulating genes involved with maintenance of
undifferentiated phenotype of ICM. Sox-2 interacts with Oct-4. Both of them work
on DNA binding sites and regulate the expression of a dozen of genes involved in
embryonic cells differentiation [24]. KLF4 (Kruppel-Like Factor 4) acts as tran-
scription factor controlling expression of genes during embryonic development that
play an important role in maintaining pluripotent-state of embryonic stem cells
[25]. c-Myc gene was discovered in aggressive chicken tumors and was identified as
one of the first gene described as oncogene function [26, 27]. In embryonic
development, c-Myc works as transcriptional factor involved in maintenance of
undifferentiated phenotype. In 2007, human iPSCs were first generated by the same
group (group from Yamanaka’s laboratory) by transducing adult human dermal
fibroblasts with viral vectors carrying the key pluripotency genes, Oct3/4, Sox2,
Klf4, and c-Myc (Yamanaka factors), using a retroviral system [28].

In 2007, Thomson’s group at the University of Wisconsin-Madison, EUA, also
generated human iPSCs. They used the factors Oct4, Sox2, Nanog, and LIN28 and a
lentiviral system to reprogram human somatic cells to pluripotent stem cells that
exhibit the essential characteristics of embryonic stem cells (ESCs) [29]. The ESCs
are pluripotent cells derived from the inner cell mass of the preimplantation
blastocyst. These cells are potential renewable sources of all human tissues for
regenerative medicine and, for this reason, it is very valuable to understand the
early events of human development, for gene therapy and for new drug discovery.
However, the usage of ESCs is a highly controversial issue on moral, social and
ethical grounds. This is because the process involves the destruction of a blastocyst,
which is considered a human embryo with the potential of developing into a person.
The research using the ESCs is prohibited in some countries, while in other
countries the research using the ESCs is allowed under legislation, but remains
tightly restricted [20]. So, the research using hiPSCs, which are derived from
human somatic cells, does not present the ethical dilemmas as the research using
the ESCs.

The hiPSCs technology represents an important platform with the potential to
advance in medical therapy by personalizing regenerative medicine and by creating
new human disease models for research and therapeutic tests. The discovery that
adult somatic stem cells can be reprogrammed into pluripotent cells is so important
that, in 2012, Dr. Yamanaka was awarded with the Nobel Prize in Physiology or
Medicine [22, 28, 30].
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7.2.1 Methods Used to Generate hiPSCs

In the experiment of Dr. Yamanaka, it was cloned and promoted the ectopic
expression of “embryonic factors” in the differentiated human cells. Initially,
24 genes were analyzed and selected. Among these genes, there were genes
involved in the maintenance of pluripotency like Oct3/4, Nanog, and Sox2; there
were genes overexpressed in the tumors related with fast proliferation and mainte-
nance of undifferentiated stage like STAT-3, Ras, c-Myc, KIf4, and Beta-catenin and
genes expressed in the early stages of development such as FGF4, Zfp296, Utfl,
and others. For the expression of these genes, they were selectively amplified from
cDNA template by PCR, cloned into plasmid and in vitro introduced in fibroblast
cells through retroviral transduction. After infections and confirmation of expres-
sion of the introduced genes, the fibroblast cells were analyzed to observe cell
phenotype. Dr. Yamanaka performed a series of evaluations in a single or combined
gene to verify which ones were essential or able to induce alterations in the
differentiated fibroblast cell morphology, growth, and gene expression profile
similar to ESCs. Among the initial genes studied, only the Oct3/4, Sox2, c-Myc,
and Klf4 appeared to be important, generating the iPSCs. This study established a
new concept in the science scenario: the in vitro induced pluripotent stem cells [28].

Basically, the methodology used to generate hiPSCs implies in the specific gene
amplification by PCR, insertion of this product in a DNA vector and introduction of
this cloned gene in the host cell. The foreign DNA vector can be inserted in the
receptor by several different ways, like the viral transduction. The method using
viral transduction has efficiency to introduce the DNA vector inside cell and
successful to integrate the cloned in the host cell’s genome and this is the main
advantage of viral method. The DNA vector viral integrates in host genome cell
particularly due to long terminal repeats (LTR) present in the both extremities of
virus genome. These LTRs are compound by hundreds of nucleotides repetitions
that, by recombination, attach the DNA inner contained in genomes [31].

Many approaches have used viral particles carrying DNA constructions that can
be integrated in the genome’s cell randomly. In fact, it is the main counterpart of
iPSCs utilization. Therefore, reprogramming by cloning with the usage of viral
strategies and long-term culture can also induce abnormalities in these pluripotent
cells. In some in vitro cultures, iPSCs have demonstrated genomic instability.
Unlike other stem cell cultures, the genomic instability is more common in early
passages [32]. It is believed that this phenomenon is due to genetic reprogramming
[32, 33]. This enhanced genomic instability in iPSCs can involve p53 protein
inactivation, which is important to proliferation and DNA repair machinery activa-
tion in response to DNA damage [34].

Additionally, the viral DNA that carries cloned gene of interest can integrate in
any loci in genome host cells. This implies many consequences, such as: (1) inte-
gration into DNA sequence that encodes essential gene, disrupting its function
which can cause loss of cell viability; (2) disrupt regions that coordinate expression
of important genes, like promoter or enhancers regions, mainly if these genes
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contain “tumor suppression functions”; and (3) the viral DNA may integrate in
DNA regions that are responsible for negative regulation of “oncogenes,” allowing
their constitutive expressions [35, 36]. Chromosomal instability, mutational possi-
bilities and use of known oncogenes to produce iPSCs have implicated in high
incidence of cancer development in preclinical tests [37]. These observations have
increased the discussion about the possibility of the usage of iPSCs in cellular
therapies.

Another point is that stimulation of loss of differentiation state to generate iPSCs
also involves epigenetics reprogramming process and differential expression of
noncoding functional RNA (ncRNA). Expressed ncRNA represents approximately
1 % of mRNA in human [38]. A recent study discovered that there are more miRNA
upregulated in the iPSCs than in the ESCs. These miRNAs have been frequently
found related in the cancer development [39]. Noncoding RNA (ncRNA) is a group
of untranslated RNA related to posttranscriptional gene expression control.
ncRNAs are represented mostly by the microRNAs (miRNA) and long noncoding
RNA (IncRNA). Long noncoding RNA (IncRNA) is a class of functional ncRNA
longer than 200 nucleotides that harbor many possibilities to act. LncRNA can
regulate gene expression by interacting with transcriptional machinery, with tran-
scriptional factors, controlling spliceosomes, and interfering in translational pro-
cess [40]. As IncRNA is a recent discovery, data about IncRNA and iPSC remain
restricted to Xist, an IncRNA involved with X chromosome inactivation. A recent
study has suggested that X chromosome is reactivated in reprogramming cells. This
process involves Txist, also IncRNA acts as Xist anti-sense and for transcriptional
activation of factor PRDM14. Txist and PRDM14 are directly involved in X
chromosome reactivation in iPSC, repressing Xist and recruiting chromatin regu-
lator proteins, such as Polycomb Complex, respectively [41]. A study performed in
mouse showed that iPSC exhibited different epigenetic and ncRNA profiles when
compared to ESC. These data reinforce a deeper iPSC molecular analysis to better
understanding these cells phenotype before clinical application [42].

Most strategies currently under use to generate iPSCs are based on gene delivery
via retroviral or lentiviral vectors. Adenovirus and transposable DNA elements had
alternatively been used in place of retrovirus and lentivirus. However, most exper-
iments involved integration in the host cell genome with an identified risk for
insertional mutagenesis and oncogenic transformation. To avoid such risks, which
are incompatible with therapeutic prospects, significant progress has been made
with transgene-free reprogramming methods based, for example, on Sendai virus
(SeV) direct mRNA or protein delivery to achieve conversion of adult cells into
hiPSCs [43].

Alternatively, specific class of transposons, minicircle DNA vectors, or episomal
systems have been established for iPSC development. PiggyBac (PB) and Slepping
Beauty (SP) are methodological strategies based on transposable DNA elements
[44]. Natural transposable elements are functional DNA segments evolutionarily
conserved along various organisms, including human [45]. Tol2, a zebrafish trans-
posable element, has also emerged to transducing gene in human cells
[46]. Although it is an integrating-DNA method, the transposon/transposase system
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is transient. They carry desired DNA allowing insertion and excision from genomic
DNA. This system requires an inverted DNA terminal repeats flanking a
TF-reprogramming genes. PB and SB had been applied as cell therapy and DNA
vaccine in many diseases, including cancer [45]. For while, few studies had focused
in using transposable DNA elements to generate human iPSC. A recent study using
transposable DNA elements to carrier c-Myc, KIf4, Oct4, and Sox2 genes showed
that the individual gene PB insertions can be detached from DNA'’s established
iPSCs [47]. This find allows including transposable DNA elements as a valuable
tool for iPSC development, where these elements can replace the use of virus.
However, there are few data about transposons in iPSC and these DNA elements
still been included in a class of potential insertional mutagenesis inducers.

The expression of transposable elements can be controlled, for instance expres-
sion of transposable elements can be dependent of doxycycline in cell medium [48],
or could have many possibilities for controlling its expression and its picturing
by chimeric gene-reporter fusion in transfected genes [49]. Thus, PB and SB
can have their transcriptional activity time and dose-dependent fine controlled.
In a study realized by Cadinanos and Bradley, it was demonstrated effective
TF-reprogramming genes expression in mouse and human embryonic fibroblasts
using doxycycline-inducible delivered by PB transposition [48].

The use of minicircle and episomal DNA has been assayed as a strategy to
replace host genome integrating methods to generate iPSC. Minicircles and epi-
somal DNA, known as plasmids, are circular DNA and they are obtained from
prokaryotes. Initially, minicircles and episomal DNA were considered distinct
molecular structure, the first one had a non-self-replicative ability and second was
replicative DNA circular. However, molecular strategies provided self-replication
capacity to minicircle DNA [50]. These DNA molecules work as vectors where, by
DNA recombinant technology, a gene of interest can be cloned. These DNA
constructions are easily transfected inside target cell by lipofectamine or electro-
poration methods. Once inside, these DNA constructions express the cloned gene,
for hiPSC episomal TF-reprogramming genes trigger expression profile gene that
induce the undifferentiated cell phenotype [51].

Together with TF-reprogramming factors, some additional gene transfection had
shown improvement in the iPSC establishment. For instance, combinatory trans-
fection of TF-reprogramming genes and human telomerase gene, hTERT, had
improved iPSC efficiency and maintenance [52].

So, several improvements in the gene transduction method for making safe
iPSCs have been done. Because of an intense discussion about the use of hiPSCs
in cellular therapies, many works, trying to establish in vitro stem cells derived
from a variety of sources, have emerged. For example, bone marrow-derived
hematopoietic stem cells and multipotent mesenchymal stromal cells derived
from bone marrow, umbilical cord blood, and adipose tissue. The ideal source of
the cell to be isolated from the patients and used for reprogramming must have easy
accessibility. This means it is not necessary to have surgery to get the cells. It is
possible to obtain them from a skin biopsy, for example, with minimal risk pro-
cedures, availability in large quantities, relatively high reprogramming efficiency,
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and fast iPSCs derivation speed [43]. Thus, beyond new sources to obtain stem cell
had emerged, new strategies to induce cell reprogramming without the use of viral
particles have been used aiming safety and efficiency to generate hiPSCs with the
purpose of their use in clinical practice [53-58].

Now, basic research should be focused to characterize the hiPSCs at cytogenetic
and molecular levels to observe if these cells retain the genetic stability. It is
necessary to understand how the cellular reprogramming works at molecular
level, generating new knowledge in cell signaling pathways, comparing the differ-
ent cell sources and the different methods used to generate the hiPSCs with the
basic requirements of high quality and safety for their use in patients [18].

7.3 Potential Clinical Applications of hiPSCs in Cancer

Cancer is a complex disease, characterized by genetic and epigenetic alterations.
Additionally, cancer complexity also includes distinct cellular proliferation and
survival signaling pathways, which are triggered by different stimulus from intra or
extracellular microenvironment. It is well characterized that over a period of time
many tumors become more aggressive and acquire malignant potential. There is an
orderly evolution from preneoplastic lesions to benign tumors and, ultimately,
invasive cancer. This phenomenon is referred to as tumor progression. It occurs
in a multistep process (Fig. 7.1). At molecular level, tumor progression and
associated heterogeneity result from multiple mutations that accumulate indepen-
dently in different cells, thus generating subclones with different characteristics.
Mutations can be divided into two broad classes: those whose products “drive”
tumorigenesis in a dominant fashion and “passengers” with no obvious role in the
tumor causation [59, 60].

Many researchers are trying to identify biomarkers involved in tumor initiation
as well as the steps involved during the evolution of disease. The main purpose in
using biomarkers is the development of new drugs for cancer therapy. Biological
markers (biomarkers) have been defined as “cellular, biochemical, or molecular
alterations that are measurable in biological media such as human tissues, cells, or
fluids” [61]. Furthermore, the identification of biomarkers can be used for early
diagnosis and for therapeutic stratification groups aiding the medical staff to choose
the appropriate treatment for the patient [1, 62].

Theoretically, the best model to study cancer pathogenesis is the primary patient
samples, but the amount of obtained cells may be inadequate for various analyses.
Recently, it has been reported that iPSCs can be generated not only from normal
tissue cells but also from malignant cells [3, 63—-65]. So, the hiPSCs are important to
study the multiple stages of oncogenesis, from the initial cellular transformation to
the hierarchical organization of established malignancies providing a human cell
model to study the stages of disease [66, 67].
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Fig. 7.1 Clonal evolution of cancer and its heterogeneity

7.3.1 Use of iPSCs for Cancer Modeling

The generation of iPSCs from human somatic cells heralds a new era in disease
modeling, allowing the development of patient-specific models. As previously
mentioned, despite improvements in cancer treatment, the disease is still a major
cause of morbidity and mortality. The lack of a relevant model to study the
development of cancer and its progression has limited research, which is suitable
for translation to the clinical setting. Generation of iPSCs from human cancer cells
represents an opportunity to develop in vitro models of carcinogenesis for specific
cancer types [68].

Using patient-derived iPSCs to recapitulate the conditions of cancer differenti-
ation could help identify significant molecular events responsible for disease
initiation and progression directly in a susceptible cell type. Also, understanding
the niche in which cancer develop will be crucial for recreating the cancer-initiating
context and building a more physiologically relevant disease model. Therefore,
iPSC cancer models have numerous potential clinical applications, including the
identification of early biomarkers to stage disease progression and better risk groups
stratification of patients [69].

In this sense, there are some examples. Kim et al. [66] used the hiPSCs as a
model to study the pancreatic ductal adenocarcinoma (PDAC). This cancer carries a
dismal prognosis and lacks a human cell model of early disease progression. In this
study, the authors made the following hypothesis: if human PADC cells were
converted to pluripotency and then allowed to differentiate back into pancreatic
tissue, they might undergo early stages of cancer [66]. So, the iPSCs technology
provides a live human cell model of early pancreatic cancer and disease
progression [18].
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Another example for the potential clinical applications of hiPSCs in disease
modeling for studying cancer is in hematological malignancies [18]. Primary sam-
ples of hematologic malignancy are usually difficult to be expanded in cultures.
However, after they are reprogrammed to iPSCs, they can expand unlimitedly. The
iPSCs technology has been used to study myeloproliferative diseases as chronic
myeloid leukemia (CML) [3] and juvenile myelomonocytic leukemia (JMML)
[70]. Many studies are being performed to elucidate the mechanisms of tyrosine
kinase inhibitor (TKI) resistance in CML stem cells and to overcome the resistance
in these patients. Kumano et al. [3] established the CML-iPSCs by Sendai virus
system and confirmed the resistance of these cells to imatinib [3]. So, they devel-
oped a model to study the CML disease and the TKI resistance. Another example
for the use of iPSCs is the JMML. JMML is an aggressive myeloproliferative
neoplasm of young children initiated by mutations that deregulated cytokine recep-
tor signaling. Children with this disease have a poor prognosis. Gandre-Babbe
et al. [70] generated iPSCs from two JMML patients. In this study, the authors
suggested the relevance of this method to explore the pathophysiology and treat-
ment of JMML [70].

Chromosomal deletions associated with human diseases, such as cancer, are
common, but it is complicate modeling these deletions in mice. Myelodysplastic
syndrome (MDS) comprises a heterogeneous group of clonal bone marrow disor-
ders characterized by varying degrees of cytopenias, morphological and functional
abnormalities of hematopoietic cells and an increased risk of transformation into
acute myeloid leukemia (AML). Loss of one copy of the long arm of chromosome
7 [del(7q)] or the entire chromosome 7 (—7) is a cytogenetic abnormality, fre-
quently observed in pediatric MDS, well recognized as a biomarker of unfavorable
prognosis [71, 72]. Kotini et al. [73] used the cellular reprogramming and genome
engineering to functionally dissect the loss of chromosome 7q [del(7q)], a somatic
cytogenetic abnormality present in MDS. They derived del(7q) and isogenic kar-
yotypically normal induced pluripotent stem cells (iPSCs) from hematopoietic cells
of MDS patients and showed that the del(7q) iPSCs recapitulate disease-associated
phenotypes, including impaired hematopoietic differentiation. In this study, the
authors highlight the utility of human iPSCs for functional mapping of disease-
associated large-scale chromosomal deletions and for discovery of
haploinsufficient genes [73].

Another example for the use of iPSCs in modeling cancer is in familial cancer.
Li-Fraumeni Syndrome patient-derived iPSCs have been used revealing a role of
mutant p53 in regulating the imprinted gene network whose dysregulation results in
osteoblast differentiation defects and tumorigenesis. In this study, Lee et al. [74]
demonstrated that the model system using iPSCs not only serves as an alternative
tool to study p53 mutation-associated disorders, but also provides substantial
benefits for studying the role of p53 in the early stages of tumor development [74].

Emerging developments of iPSCs, research can be used as a tool in modeling
hematopoietic disorders and could lead to new clinical applications in gene and cell
therapies. The advantage of using disease modeling with iPSCs technology is that it
allows the generation of pluripotent cells from any individual in the context of
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his/her own particular genetic identity including individuals with simple forms of
disease and those with complex multifactorial diseases of unknown genetic identity
[18, 43].

7.3.2 Generation of iPSCs from Cancer Cells

The cancer-derived hiPSCs represent important systems for modeling cancer path-
ogenesis, aiding in the discovery of new diagnostic and prognostic biomarkers, and
for the development of new therapies for cancer. However, reprogramming cancer
cells has been demonstrated to be harder than generating normal iPSCs, because of
genetic and epigenetic status of these cells. So, some researchers are testing other
possibilities to generate cancer-derived hiPSCs as the application of other factors in
addition to the Yamanaka factors, such as exogenous expression of miRNA302;
chemical compounds, as azacitidine (DNA methyltransferase inhibitor); and knock-
down of p53, p21, and Ink4/Arf [3, 75]. Another point here, for normal and cancer
cells, is the gene delivery systems for the iPSCs generation. The integration site of
retrovirus in the iPSCs may affect the gene expression and change the disease
phenotype after redifferentiating them into the original lineages. So, efficient
induction of transgene-free iPSCs such as using Sendai virus and episomal systems
has been reported [3, 55, 63]. But, we must have in mind, as mentioned by Ramos-
Mejia et al. [76], that the difficulties in reprogramming cancer cells are not
exclusively due to technical barriers or the need for improved reprogramming
technologies. It seems that biological barriers such as cancer-specific genetic
mutations, epigenetic remodeling, and accumulation of DNA damage may influ-
ence the reprogramming of human cancer cells [76].

The cancer stem cells (CSCs) play a critical role in the origin and propagation of
cancer. These CSCs, which have the tumor initiating characteristics, have been
identified in several types of cancer (hematologic neoplasms and solid tumors).
They are responsible for tumor relapses and metastasis. However, the molecular
mechanisms of CSCs origin are difficult to study, mainly in solid tumors, because
these cells represent a rare population of undifferentiated tumor cells that retain the
ability of self-renewal, proliferation and develop into more differentiated tumor
cells. One hypothesis about the origin of the CSCs in solid tumors is that these cells
may arise through a genetic/epigenetic reprogramming-like mechanism. The ability
of certain cancer cells to be reprogrammed to pluripotency might allow the in vitro
generation of pluripotent cancer stem cell lines from human tumors, which would
provide an important research in studying the molecular process of CSCs [77].

There are key factors essential for ES cell maintenance, possibly able to repro-
gram cancer cell into a more ES-like state, for example, mir-302s. The mir-302
microRNA family is expressed, most abundantly, as slow-growing human embry-
onic stem (ES) cells and decreases after cell differentiation and proliferation
[78]. To test the function of mir-302s, Lin et al. [78] developed a retroviral Pol
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II-based intronic mi-RNA expressing system namely, pPLNCX2-rT-spRNAi, and
used it to generate transgenic mi-RNA-expressing cell lines named mir-PS-Colo
and mir PS-PC3 derived from human melanoma colo and prostate cancer PC3 cells,
respectively. Using this strategy, it was observed that mir-302 does not function to
reprogram cancer into an ES-like pluripotent state, but it also maintains this state
under a feeder-free condition, which may offer an opportunity for therapeutic
intervention [78].

Several experiments have been done in order to generate iPSCs more effectively
identifying somatic cells that are easily accessible and possibly require fewer
factors for conversion into iPSCs. Utikal et al. [79] demonstrated that in contrast
to skin fibroblasts (the initial cell type report of reprogramming into iPSCs), the
melanocytes and melanoma cells offer advantages. These cells did not require
ectopic Sox2 expression for conversion into iPSCs and might be an appropriate
source of cells for attempt to replace viral gene delivery systems with transient
expression approaches such as plasmids or adenoviruses. Lastly, melanocytes can
be easily obtained by skin punch biopsies, which make them an accessible cell type
for clinical applications [79].

Many solid tumors contain poorly vascularized regions that are severely hypoxic
and contribute to cancer progression by activating transcription factors that promote
cell survival, tumor angiogenesis, and metastasis. Tumor hypoxia is also associated
with more aggressive disease course and poor clinical outcomes. It has been
suggested that hypoxia could contribute to the formation of cancer stem cell
niche within the tumor [80]. Mathieu et al. [80] showed that hypoxia inducible
factor (HIF) can induce hESC like transcriptional program, including the induced
pluripotent stem cell (iPSCs) inducers OCT4, NANOG, SOX2, KLF4, c-MYC, and
microRNA 302 in cancer cell lines, as example in lung cancer. This study suggested
that HIF targets are critical for stemness in malignant cells [80].

The study of molecular characterization of CSCs is necessary to facilitate the
potential discovery of new targets that are specifically involved in tumor initiation.
Accumulated evidence suggests that changes in the cellular bioenergetics may be a
novel prerequisite for acquired stemness [77]. Another example for in vitro gener-
ation of pluripotent cancer stem cell lines from human tumors was the study done
by Corominas-Faja and colleagues [77], who studied whether the nuclear
reprogramming of breast cancer cells (MCF-7 human breast cancer cell line) to
Sox-2 overexpressing CSC-like states involves the remodeling of bioenergetics and
biosynthetic metabolism. It was studied the AMPK/mTOR pathway, which plays a
critical role in the regulation of energy metabolism. In this study it was showed the
first characterization of the mTOR signaling-related transcriptome during the
conversion of differentiated MCF-7 tumor cells to CSC-like MCF-7 cells. It was
observed that the acquisition of the stem cell-like states appears to utilize molecular
mechanisms involved in the transcriptional suppression of mTOR repressors and
activation of mTOR enhancers. The remodeling of the AMPK/mTOR regulated the
bioenergetics and biosynthetic metabolism and may be an active contributor that
defines cancer cell fate and it is responsible for the acquisition of CSC-like status in
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breast cancer. The dysfunction of negative metabolic regulators, including
defects in the AMPK-mTOR pathway, could result in permissive metabolic
reprogramming that allows a differentiated cancer cell to be reprogrammed to
regain stem cell characteristics in a process of tumorigenic reprogramming to
pluripotency. This study may provide a new path for obtaining molecular informa-
tion about preventing the appearance of CSCs through the modulation of AMPK/
mTOR pathway [77].

Studying the nuclear reprogramming, it is possible to demonstrate that plurip-
otent cells can be derived from various types of somatic cells by nuclear
reprogramming using defined transcription factors. But, it is unclear whether
human cancer cells can be similarly reprogrammed and subsequently terminally
differentiated with abrogation of tumorigenicity [81]. Using sarcomas as models
to study this unclear question, Zhang et al. [81] showed that human-derived
complex karyotypes solid tumors can be reprogrammed into a pluripotent-like
state and they can be terminally differentiated into mature connective and red
blood cells and terminal differentiation is accompanied with loss of proliferation
and tumorigenicity. In this study, the reprogramming decreased the aggressive-
ness of cancer (as measured by growth/size/cellularity). Interestingly, no tumors
formed upon subcutaneous inoculation of the entire cell culture obtained from
differentiated reprogrammed-sarcomas into mice and followed for up to
16 weeks. The results of this study suggest that nuclear reprogramming may be
a broadly applicable therapeutic strategy for the treatment of cancer, but further
studies are necessary to investigate the genetic and epigenetic basis of direct
cancer reprogramming [81].

Some studies have shown that cancer cell reprogramming may be possible with
the introduction of fewer reprogramming factors since some cancer cell lines often
express some of the reprogramming factors at baseline levels equivalent to ESC or
IPSCs [79, 81]. Therefore, reprogramming cancer cells may be simpler than
reprogramming somatic cells [81].

Another example of reprogramming cancer cells is in Ewing sarcoma. The
Ewing sarcoma (EWS) is the second most common type of primary bone malig-
nancy in children and adolescents. It is a highly invasive, undifferentiated tumor of
unknown histogenic origin. In approximately 85 % of tumors it is observed the
expression of EWS-FLI1 fusion product generated from the chromosomal translo-
cation t(11;22)(q24;q12). Although EWS typically responds to initial combination
chemotherapy treatment, approximately one-third of patients will have recurrent
disease and metastatic disease despite aggressive multimodal therapeutic
approaches. The discovery of novel molecularly target therapies to improve patient
outcomes will require a greater understanding of the molecular mechanism driving
EWS oncogenesis, metastasis, and drug resistance. So the EWS-iPSCs may provide
an expandable disease model that could be used to investigate processes modulating
oncogenesis, metastasis, and chemotherapeutic resistance in EWS [82]. In Table 7.1
we present some examples of cancer-derived hiPSCs mentioned in Sect. 7.3.1 and
in this section.
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Table 7.1 Summary of cancer-derived hiPSCs
Type of cancer
(hematologic
malignancies and Method of generation of
solid tumors) Aim of study the cancer-hiPSCs References
Myeloproliferative Generate iPS cells to pro- Frozen peripheral blood Ye
disorder (MPD) with | vide a renewable cell source | CD347 cells from two et al. [65]
JAK2-V617F and a prospective hemato- patients with
somatic mutation poiesis model for investi- MPD/retroviral
gating MPD pathogenesis transduction
Chronic myeloid To address whether human | Cell line, KBM7, derived | Carette
leukemia (CML) cancer cells can be from blast crisis stage of | et al. [83]
reprogrammed into iPSCs CML/retroviral
transduction
Chronic myeloid To eliminate the genomic Bone marrow mononu- Hu
leukemia (CML) integration and background | clear cells from a patient | et al. [63]
transgene expression, with CML (chronic
toward advancing iPSCs phase)/episomal vectors
technology for the modeling
of blood diseases
Chronic myeloid Investigate CML pathogen- | Two patients samples of Kumano
leukemia (CML) esis on the basis of patient- | CML (chronic phase) et al. [3]
derived samples bone marrow cells, retro-
virus and Sendai virus
system
Juvenile Explore the pathophysiol- Two pediatric patient’s Gandre-
myelomonocytic ogy and treatment of JMML | samples from bone mar- Babbe
leukemia (JMML) row or peripheral blood/ et al. [70]
lentivirus
Myelodysplastic Functionally dissect the loss | Two patients with MDS Kotini
syndrome (MDS) of chromosome 7q for dis- | with del(7q)/lentiviral et al. [73]
covery of haploinsufficient
genes
Gastrointestinal Study new cancer therapies | Gastrointestinal cell lines | Miyoshi
cancer via reprogramming of cancers from esopha- et al. [64]
approaches in cancer cells geal, stomach, colorectal,
pancreas, liver and bile
ducts/lentiviral and
retroviral
Gastrointestinal Generate a human cell Tissue from the center of | Kim
cancer model of early pancreatic pancreatic ductal adeno- et al. [66]
cancer and disease progres- | carcinoma (PDAC) sam-
sion for biomarkers detec- | ple of patient/lentivirus
tion for useful diagnosis system
Melanoma and pros- | Generate two mir-302- Melanoma and prostate Lin
tate cancer expressing mirPS cell lines, | cancer cell lines/retroviral | et al. [78]

(continued)
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Type of cancer
(hematologic
malignancies and Method of generation of
solid tumors) Aim of study the cancer-hiPSCs References
Melanoma Generate and characterize Malignant melanoma cell | Utikal
of human iPSCs derived line/lentiviruses et al. [79]
from malignant melanoma | containing a reverse tetra-
cell line cycline transactivator
(rtTA) and the four
reprogramming factors
(Oct4, Sox2, c-Myc, and
Klf4) and doxycycline
Lung cancer Study the role of HIF as a Lung adenocarcinoma cell | Mathieu
inducer of hESC markers line/retroviruses with or et al. [80]
including the critical iPSC without nondegradable
factors in cancer cells and forms of HIF/lentiviruses
the tumor aggressiveness expressing Oct4/Sox2 and
Nanog/Lin28
Breast cancer Create stable cancer stem MCF-7 cells were trans- Corominas-
cells lines to study the tran- | duced with retroviruses Faja
scriptional control of mMTOR | containing Oct-4, Sox2, et al. [77]
Klf4, and c-Myc
Osteosarcoma To show that direct Human osteosarcoma cells | Zhang
reprogramming of sarcomas | lines and lentivectors et al. [81]
is feasible and allows for expressing cDNAs of
recapitulation of terminal human Oct4, Nanog,
differentiation into varied Sox2, Lin28, Klf4, c-Myc
connective tissues with ces-
sation of tumorigenicity
Ewing sarcoma Generate iPSCs from EWS | CHLA-10 or HEK293T Moore
(EWS) cell lines for improving the | cell lines were induced to | et al. [82]
understanding of the pluripotency, episomal
molecular mechanisms vector containing OCT4,
driving oncogenesis and SOX2, NANOG, and
metastasis and to investigate | KLF4 together with a
chemotherapeutic resistance | reporter plasmid

Adapted from Fernandez et al. [18]

7.3.3 The Use of iPSCs for Drug Screening and Predictive

Cytotoxicity

During all of the steps of drug development, models play a decisive role. The first to
be used are models of pathology that enable pathogenesis mechanisms to be
investigated and a relevant target(s) to be identified to screen chemical compound
libraries in the search for drug candidates. These so-called “hits” are then evaluated
again in models for their pharmacokinetic and safety properties [84]. Animals or
in vitro animal-derived cells are used as testing systems, but are limited by their
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inability to replicate the “exact” human physiological conditions and related phe-
notypic attributions. For carcinogenic agents, different agents pose different levels
of carcinogenicity in different animals. For these reasons, being able to use the
systems closer to human is very important [85].

In drug screening, hiPSCs would be used to verify the response to a specific
target gene, to research the single nucleotide polymorphism-related of each indi-
vidual that influences the ability of an individual to effectively metabolize and clear
drugs and toxins. In particular, hepatotoxicity and cardiotoxicity are two principal
causes of drug failure during preclinical testing. The variability in individual
responses to potential therapeutic agents is also a major problem in effective drug
development. The advantage of iPSCs technology is that it allows the generation of
various cell lines that may represent the genetic and potentially epigenetic variation
of a broad spectrum of the population. This approach used the in vitro model of
disease to identify new drugs to treat disease [18, 43].

Cellular assays can be developed for large-throughput drug screening by
converting cancer-cell-specific iPSCs into the cell types of interest. If directed
differentiation can recapitulate tumor formation in vitro, drugs that can selectively
eliminate the cancerous cells may be identified and also tested in a range of other
cell types [69].

Human iPSCs can be obtained at large scale and exhibit remarkable application
prospects in drug selection, mechanism research, and organ regeneration. Never-
theless, few studies have reported the use of human iPSCs as tumor therapeutic
reagents. Human iPSCs cells are considered suitable for in vivo therapy. First,
human iPSCs are effective gene delivery agents because they can deliver siRNA or
drugs into tumor sites and inhibit the growth of tumor cells in vivo. Second, human
iPSCs can differentiate into immunological cells in tumor sites and thus kill tumor
cells. Finally, human iPSCs can destroy the niche of tumor cell proliferation and
repress tumor growth. Therefore, the development of human iPSCs for in vivo
tumor therapy provides considerable potential for clinical translation [86].

The human iPSCs have been used labeled with fluorescent magnetic
nanoparticles (FMNPs) for targeted imaging and synergistic therapy of gastric
cancer cells in vivo [86]. The mechanism of FMNP-labeled iPSCs targeting gastric
cancer cells in vivo includes the secretion of cytokines, chemokines, and/or growth
factors into the blood or lymph circulation, which serve as candidate migration
stimulatory signals. Some receptors on the iPSC surface or iPSCs may secrete
cytokines and chemokines, which combine with factors secreted by tumor cells; this
phenomenon induces iPSCs to move to the tumor sites. As iPSCs can actively target
and recognize gastric cancer cells in vivo and may localize around the tumor site,
FMNPs inside iPSCs can also localize around the tumor cells. FMNPs can produce
heat energy when subjected under external magnetic field; in tumor sites, a high
temperature of 62 °C can kill and inhibit the growth of tumor cells. However, in
important organs, such as liver or kidney or lung, a temperature of 30 °C was
generated, which cannot damage important organs. In this study, Li et al. [86]
concluded that the prepared FMNPs-labeled iPSCs could achieve the cancer ther-
apy effect, which presents good clinical application prospects. The therapeutic
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effects of FMNP-labeled iPSCs coupled with the hyperthermal effects of FMNPs
demonstrate a significant potential for clinical treatment of cancer [86].

The cancer-derived hiPSCs represents important systems for modeling cancer
pathogenesis, aiding in the discovery of new diagnostic and prognostic biomarkers,
and for the development of new therapies for cancer. Yang et al. [87] demonstrated
a tumor tropism of intravenously injected human iPSC-derived neural stem cells
and their gene therapy application in a metastatic breast cancer mouse model. In
this study, the authors used a lentiviral transduction method to derive hiPSCs from
primary human fibroblasts and then generate neural stem cells (NSCs) from the
iPSCs. The NSCs are able to home in on not just brain tumors, but also solid tumors
of a non-neural origin. This intrinsic tropism occurs because of the presence of
cytokines, chemokines, and growth factors released from the tumor cells. Yang and
collaborators investigated whether the iPSCs-derived NCS can be used as a cellular
delivery vehicle for cancer gene therapy. For this propose, the cells were transduced
with a baculoviral vector containing the herpes simplex virus thymidine kinase
suicide gene and injected through tail vein into tumor-bearing mice. The transduced
NCSs were effective in inhibiting the growth of the breast tumor and the metastatic
spread of the cancer cells in the presence of ganciclovir, leading to prolonged
survival of the tumor bearing mice. This study demonstrated the use of iPSC-
derived NSCs for cancer gene therapy [87].

7.3.4 iPSCs and Cancer Immunotherapy

A potential clinical application of hiPSCs in cancer is in the field of immunotherapy
([18, 88-91]. Traditional treatment modalities are all based on destroying cancer
cell by irradiation, chemotherapy or surgery. Although they can effectively kill or
remove cancer cells, the use of these treatments is often limited because a number
of health cells also tend to be destroyed and, in some cases, may occur the recidive
of cancer. In the case of cancer, the immune system alone often fails to effectively
fight the tumor for the following reasons: (1) the normal immune system is “blind”
to tumor cells because the tumor cells are derived from the body’s own cells. The
body “thinks” about the tumor as “self,” a phenomenon known as tumor tolerance;
(2) the immune system may recognize certain cancer cells, but the response may not
be strong enough to destroy cancer; (3) the tumor has the ability to defend itself
secreting some substances that allow its survival and expansion. In the case of
cancer, the immune system needs a boost to strengthen its response to become more
effective. So, immunotherapy strategies include antitumor monoclonal antibodies,
cancer vaccines, adoptive transfer of ex vivo activated T or natural killer cells, and
administration of antibodies that either stimulate immune cells or block immune
inhibitory pathways. The impact of immunotherapy was initially demonstrated in
patients with advanced cancer, and then translated to the adjuvant setting of patients
with operable disease at high risk for postoperative recurrence [18, 92].
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The immunotherapy based on the adoptive transfer or gene-engineered T cells
can mediate tumor regression in patients with metastatic cancer [93]. Adoptive T
cell immune therapy is based on the isolation of tumor-specific T cells from a
cancer patient, in vitro activation, expansion of these T cells, and reinfusion of the T
cells to the patient [94]. The adoptive immunotherapy with T cells is an effective
therapeutic strategy for combating many types of cancer. However, the limitations
associated with the number of antigen-specific T cells represent a major challenge
to this approach [89]. The recent iPSCs technology and the development of an
in vitro system for gene delivery are able to generate iPSCs from patients. The
iPSCs have a great potential to be used in adoptive cell transfer of antigen-specific
CDS8(+) cytotoxic T lymphocytes [95, 96]. Some research groups are studying
methods to generate T-lymphocytes from iPSCs in vitro and in vivo programming
antigen-specific T cells from iPSCs for promoting cancer immune surveillance
[95]. Given the low frequency of tumor-specific T cells in the periphery of indi-
viduals and difficulties surrounding their identification, it has been demonstrated
the use of iPS cells for genetic modification to introduce a bicistronic lentiviral
vector encoding 19-28z, a CAR specific for CD19, expressed by the majority of
leukemias and lymphomas [97, 98]. Themeli et al. [98] were able to optimize
differentiation conditions to allow for serum and feeder-free generation of hema-
topoietic progenitor cells which, when co-cultured with OP9-DL1 stromal cells in
the presence of SCF, FIt3L, and interleukin-7 (IL-7), differentiated into T cells
expressing the CD19-specific CAR. T cells produced in this way were activated by
CD19C APCs and, upon infusion into mice, potently inhibited tumor progression
[97, 98].

Therapies based on the use of autologous immune cells are among the best
candidates for cancer immunotherapy. The dendritic cell vaccines have demon-
strated very encouraging responses for some solid tumors, while in melanoma
T-cell therapies have exceeded 70 % objective response rates in selected Phase I
trial [99]. However, it is difficult to obtain a sufficient number of functional
dendritic cells (DCs) in DC-based immunotherapy. In this sense, some studies are
being performed using the iPSCs. Iwamoto et al. [88] used the iPS cell-derived DCs
(iPSDCs) and compared the therapeutic efficacy of iPSDCs and the equivalent to
that of bone marrow-derived DCs (BMDCs). In this study, the authors examined the
capacity for maturation of iPSDCs compared with that of BMDCs in addition to the
capacity for migration of iPSDCs to regional lymph nodes. The therapeutic efficacy
of the vaccination was examined in a subcutaneous tumor model. The vaccination
with genetically modified iPSDCs achieved a level of therapeutic efficacy as high as
vaccination with BMDCs. This study showed experimentally that genetically
modified iPSDCs have an equal capacity of BMDCs in terms of tumor-associated
antigen-specific therapeutic antitumor immunity. Therefore, vaccination strategy
may be useful for future clinical application as a cancer vaccine [18, 88].

Natural killer (NK) cells play critical role in host immunity against cancer. In
response, cancer develops mechanisms to escape NK cell attack or induce defective
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NK cells. Current NK cell-based cancer immunotherapy aims to overcome NK cell
paralysis using several approaches. One approach is the genetic modification of
fresh NK cells or NK cell lines to highly express cytokines, Fc receptors, and/or
chimeric tumor-antigen receptors. Therapeutic NK cells can be derived from
various sources, including peripheral or cord blood cells, stem cells or even induced
pluripotent stem cells (iPSCs) and a variety of stimulators can be used for large-
scale production in laboratories or good manufacturing practice [18, 100].

Adult stem cell therapies have provided success for more than 50 years, through
reconstitution of the hematopoietic system using bone marrow, umbilical cord
blood, and mobilized peripheral blood transplantation. Mesenchymal stem cell
(MSC) mediated therapy is a fast-growing field that has showed safe and effective
in the treatment of various degenerative diseases and tissues injuries. The expansion
and manipulation of human MSCs are important approaches to immune regulatory
and regenerative cell therapies. MSCs are fibroblast-like cells of the BM microen-
vironment called “marrow stromal cells,” which was able to support hematopoiesis.
These cells have adult stem cell properties as they could differentiate into cartilage,
bone, adipocytes, and muscle cells. MSCs are a promising tool for cell therapies
because they are easily accessible from various tissue sources as bone marrow
(BM-MSCQ), fat, and umbilical cord [101]. These cells have been widely tested and
showed efficacious in preclinical and clinical studies for cardiovascular and neu-
rodegenerative diseases, orthopedic injuries, graft-versus-host disease (GvHD)
following bone marrow transplantation, autoimmune diseases, and liver diseases
[101, 102].

Because BM-MSC can be easily harvested from adult sources and cultured
in vitro, many preclinical and clinical studies have used BM-MSC. Although
these cells show great potential for clinical use, there are some problems. The
need for extensive cell number for use poses a risk of accumulating genetic and
epigenetic abnormalities that could lead malignant cell transformation. Binato
et al. [103] studied the stability of human MSCs during in vitro culture in several
passages using cytogenetic, cellular, and molecular methods and it was observed
that these cells demonstrated chromosomal instability and molecular changes
during passage 5 [103]. Although easy access to BM-MSC is recognized as a
great advantage, extended in vitro cultures reduce the differentiation potential of
MSC, which limits their therapeutic efficacy [101]. So, to overcome this problem,
MSCs derived from iPSC may be considered for human cell and gene therapy
applications as iPSCs have the potential to be expanded indefinitely without
senescence. It is observed a greater regenerative potential of MSCs derived from
iPSCs, which may be attributed to superior survival and engraftment after trans-
plantation, because of higher telomerase activity and less senescence as compared
to BM-MSC. Genetically manipulated MSCs may also serve as cellular therapeu-
tics since MSCs can be used as target drug delivery vehicles [18, 101].



7 Clinical Applications of Induced Pluripotent Stem Cells in Cancer 149

7.4 Considering Probability Models to Evaluate
the Possible Use of the hiPSCs for Therapeutic
Procedures

7.4.1 Probability: An Important Mathematical Concept
in Clinical Research

An important mathematical concept used in clinical research is the concept of
probability. In fact, clinical outcomes such as the occurrence of disease, death or
symptoms can be counted and expressed as numbers. In most clinical situations,
diagnosis, prognosis and treatment results are uncertain for an individual patient. A
person will experiment a clinical outcome or not: the prediction is rarely accurate.
Therefore, the prediction needs to be expressed as a probability.

Probability is used when the research selects a probability model. This is the case
when it is necessary to make predictions about the frequency with which certain
results can be expected to occur when the experiment is repeated a number of times.
For example, the mathematical model that should be used to predict the percentage
of a false negative outcome for tests used to diagnose a certain disease should be a
probability model.

Probability models lead to hypothesis tests. Hypothesis tests are used to draw
inferences and reach conclusions about data, when only a part of a population, a
sample, has been studied. A hypothesis test can be parametric or nonparametric. If
we decide to approximate clinical measurements by a normal curve, we are
deciding to use a parametric test. A hypothesis test asks if an effect (difference)
exists or not. It works with two hypothesis: the null hypothesis (designated Hy) and
the alternative hypothesis (designated Hp).

The hypothesis that there is no difference is the null hypothesis. The hypothesis
that contradicts Hy is Hy. When we retain H, (equivalently reject Hy), we say the
results are significant and when we retain Hy (equivalently reject Hy), we say the
results are not significant. Because we are dealing with probabilities, this implies in
making two possible errors from four possible relations between the conclusions
obtained using a hypothesis test and real situations, as shown in Table 7.2.

The two errors mentioned in the previous paragraph are known as Type I error
and Type II error. A Type I error leads to a false positive conclusion. The
probability of such an error occurs is noted by a. Mathematically, « is a conditional
probability: it is the probability of reject Hy when there is no real difference. A Type
II error leads to a false negative conclusion. The probability of such an error occurs
is noted by . Mathematically, § is a conditional probability: it is the probabilities of
retain Hy when there is a real difference.

Hypothesis tests are used to estimate the probability of a Type I error. In the
literature, we usually use o < 0.05. This means we are assuming a probability less
than 0.05 of rejecting Hy when there is no real difference between treatments, drugs,
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Table 7.2 Relations between statistical conclusions and real situations

Real difference
Conclusion of the hypothesis test Presence Absence
Results are significant True Type I error
Results are not significant Type II error True

or procedures. In other words, if the study were repeated 100 times, we probably
would find five outcomes showing Hy should be accepted. For those who would like
to study this subject, we recommend the book [104].

7.4.2 Probability: Its Use to Evaluate hiPSCs for Therapeutic
Procedures

The iPSCs are undifferentiated cells that have the capacity to proliferate in undiffer-
entiated cells both in vitro and in vivo (self-renewal) and to differentiate into mature
specialized cells. Because this is a new discovery, there are open questions regard-
ing, mainly, the safe application of stem cell therapy using the iPSCs. As we have
presented in this chapter, many different groups have successfully generated iPSCs,
but due to different techniques, until now, there is no standard information about the
safety and effectiveness of the use of iPSCs in the clinical practice.

Investigators aim to answer a question that arises by observations or the results
of previous studies. Structuring a study helps that this question can be answered in a
systematic way (Fig. 7.2). A well-formulated question is of great importance to the
success of a study.

In order to have a better understanding of how we can minimize the problems,
which occur with the use of iPSCs, we think it is important to consider some
questions as if there is an association between cell sources (fibroblasts from skin,
stem cells from bone marrow, umbilical cord blood, adipose tissue) and self-
renewal capacity and how the cellular reprogramming works at molecular level.
Investigations about which kind of tissues can make easier the introduction of the
hiPSCs are also very important.

There are several hypothesis tests commonly used in the medical literature; they
are resumed in Table 7.3. When we use such tests, we compute a p-value, which is
the probability of obtaining a result as extreme as or more extreme than the sample
value, assuming the null hypothesis is true. The sample value is calculated.
Depending on the test we use, there is a specific formula to calculate the sample
value. Appropriate computer software can do such a calculation.

Further basic research on each aspect of reprogramming is required in order to
understand how reprogramming leads to pluripotency. Even with improvements in
the virus-free and transgene-free reprogramming technology, the “safe” iPSCs still
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Fig. 7.2 Steps of a clinical
study
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Proposing a question based on
observations or previous theory

I

Formulating a scientific hypothesis

l

Designing a study

J

Conducting the study

!

Analyzing the results of the study

l

Answering the question - conclusion

needs to be evaluated in animals models, for example, before these products be used

clinically for cancer therapy.

We finish saying that probability models are important tools that can help
making decisions and must be used if the numerical outcomes are clinically
meaningful. Of course, medical professionals should put away the complexity of
the mathematical concepts behind on probability techniques, although only Math-
ematics could explain rigorously why these techniques really work.
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Table 7.3 Hypothesis tests usually used in the medical literature

To test the statistical significance of the difference between

Two proportions Fisher’s exact test Nonparametric
Two or more proportions Chi-square Nonparametric
Two medians Mann—Whitney Nonparametric
Two means t-Student Parametric
More than two means Kruskal-Wallis Nonparametric
ANOVA Parametric
More than two variances Bartlett Parametric
To test the correlation between two Spearman’s rank correlation Nonparametric
variables test
Pearson’s correlation test Parametric

7.5 Conclusion and Future Perspective

Several approaches have been used to understand cancer pathogenesis. The discov-
ery of the hiPSCs opens a new perspective to study different diseases, including
cancer. Cancer cells have many biological characteristics that are conferred by
numerous genetic and epigenetic modifications. Cancer evolves by a process of
clonal expansion, genetic diversification and clonal selection. Despite improve-
ments in cancer treatment, the disease is still a major cause of morbidity and
mortality. The lack of a relevant model to study the development and the progres-
sion of cancer has limited the research, which is indispensable for translation to the
clinical setting. Generation of iPSCs from human cancer cells represents a new
paradigm in cancer modeling (hematologic malignancies and solid tumors) in order
to study the multiple stages of cancer, for the discovery of new drugs designed for
specific biomarkers and for testing drugs’ toxicity. Cancer-derived iPSCs have been
used to study CML disease and tyrosine kinase resistance;to study JMML pathol-
ogy and treatment. In MDS, cellular reprogramming and genome engineering have
been used to functionally dissect the loss of chromosome 7, a somatic cytogenetic
abnormality, considered a biomarker of unfavorable prognosis, recapitulating phe-
notypes associated with the disease. In solid tumors, for example, it has been
demonstrated in sarcomas that cancer cells can be reprogrammed and subsequently
terminally differentiated with loss of proliferation and tumorigenicity, so
reprogramming may decrease the aggressiveness of cancer. Another example of
reprogramming cancer cells is in Ewing sarcoma, the second most common type of
primary bone malignancy in children and adolescents. In this solid tumor, despite
aggresive multimodal therapeutic approaches, one-third of patients will have recur-
rent disease and metastatic disease. The EWS-iPSCs may provide an expandable
disease model that could be used to investigate processes modulating oncogenesis,
metastasis and chemotherapeutic resistance. Another potential clinical application
of hiPSCs in cancer is in the field of immunotherapy. Since the first description of
iPSCs generation, there has been a great improvement in the methods to generate
these cells. The main problem in using these cells is the possibility of developing
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tumors. It is also very important to obtain a characterization of these cells at
cytogenetic and molecular levels, in order to understand how reprogramming
works in signaling pathways. To generate iPSCs, different sources of cells have
been used and compared. Hypothesis tests and estimates may be used to validate the
safe and efficacy of hiPSCs for therapeutic use. As future perspective, we must have
in mind that the discovery of novel molecularly target therapies to improve patient
outcomes will require a greater understanding of the molecular mechanism of
cancer. Technical and basic knowledge are necessary before using iPSCs in clinical
practice. But, the possibility to induce pluripotency in somatic cells or, even further,
to induce transdifferentiation through the forced expression of reprogramming
factors has offered a new field for cancer research and new insights in cancer origin
and progression. This may be translated in clinical practice allowing the develop-
ment of a better drug screening platforms, less toxic therapies and different future
applications in the clinical practice. So, the use of hiPSCs may contribute to the
development of future personalized cell therapies and opens new possibilities for
the treatment of cancer patients.
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Chapter 8
Banking of Human Umbilical Cord Blood
Stem Cells and Their Clinical Applications

Dunia Jawdat

8.1 Introduction

Umbilical cord blood (UCB) is the remaining blood in the umbilical cord and
placenta after the birth of a baby. It used to be discarded as medical waste until it
was shown to possess a highly enriched stem cell source. UCB is now recognized as
an alternative source of hematopoietic progenitor/stem cell (HPSC) to treat many
malignant and nonmalignant diseases such as acute [1] and chronic leukemia [2],
myelodysplastic syndromes [3], p thalassemia [4], aplastic anemia, Fanconi anemia
[5], bone marrow failures, immune deficiencies [6], and metabolic diseases [7].

UCB contains both hematopoietic and non-hematopoietic progenitor cells.
CD34, an integral membrane glycoprotein, is defined as the hallmark of HPSC
with a frequency of 1% within UCB’s total nucleated cells (TNC) [8, 9]. The
non-hematopoietic cell population includes endothelial progenitor cells and mes-
enchymal stem cells (MSCs) that under certain conditions have the capability to
differentiate into osteoblasts, adipocytes, and chondroblasts. Today MSCs are used
widely as a source for regenerative cell therapy and immune modulation in many
diseases as reviewed by Zarrabi et al. [10].

The first evidence of human UCB possessing hematopoietic progenitor cells
(HPC) was reported by Knudtzon in 1974, where in vitro cultured UCB cells
showed increased concentration of colony-forming cells [11]. In 1982, Nakahata
and Ogawa demonstrated the capability of UCB colony-forming cells to generate
mono- and multipotential hemopoietic progenitors, which indicated the presence of
more primitive HPC in UCB [12]. In the same year, a group of leading scientists
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suggested a more useful role for UCB and the possibility of using it as a source of
HPSC for transplantation [13]. This led to the formation of the Biocyte Corporation
UCB Company to study the possibilities of UCB transplantation (UCBT). The
company was founded by Boyse, Bard, Lewis Thomas, Broxmeyer, Harvey Cantor,
Rodman Rockefeller, and George Strong. Broxmeyer then focused on studying
UCB biology and cryopreservation, which recognized UCB as a possible source for
HPSC transplantation and led to the first UCBT. Broxymeyer used the colony-
forming unit (CFU) assay to validate the engraftment capability of UCB, he
examined more than 100 samples before and after cryopreservation. He found
that HPSC from UCB have a higher proliferative capacity when compared to
bone marrow HPSC. He also showed that the number of HPSC from a single
collection was comparable to the number of HPSC used in successful bone marrow
transplants [14].

The first UCBT was performed in 1988, through collaboration between
Gluckman and colleagues from the Hospital Saint Louis in Paris, and Broxmeyer
from Indiana University School of Medicine. The patient with Fanconi anemia at
that time was 5 years old. The UCB was collected from his sister at birth by Douglas
at the New York University Medical Center, after the prenatal diagnosis from
amniotic fluid confirmed no Fanconi anemia and HLA identical to her brother the
patient. The UCB was preserved by Broxmeyer and transported to Paris for infusion
after receiving the permission from the French National Ethics. The patient was
conditioned with low dose of cyclophosphamide and infused with the thawed UCB
without any separation or washing to avoid any extra loss of cells. The first signs of
engraftment occurred on day 22 with subsequent hematological reconstitution and
donor chimerism with no GVHD. The patient is currently healthy, 27 years after
UCBT [15]. This successful transplant confirms that UCB is an alternative source
for bone marrow; it can fully reconstitute the hematopoietic system; it can be
collected at birth; and cryopreserved without losing their potency. After this
successful transplant, there has been a remarkable interest in the usage of UCB as
an alternative source for transplantation. Consequently, the idea of establishing an
inventory to preserve UCB for future use became appealing. Thereafter, many CB
banks (CBBs) have been established and over the last decade it became a popular
option worldwide.

8.2 Cord Blood Banking

A CBB is a facility that preserves UCB for future use. Initially, CBBs were
established by hospitals, charities, or nonprofit institutions to preserve donated
CB units for anyone in need of a hematopoietic stem cell (HSC) transplant. The
first cord blood bank was established in New York in 1992 under the direction of
Dr. Pablo Rubinstein, after being awarded a grant from the National Institutes of
Health (NIH) to establish a national CB program. Afterwards, other public banks
were established to collect, process, store, and supply UCB in the United Kingdom,
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France, Germany, Italy, and elsewhere. Subsequently, private organizations
established CBBs for profit offering CB storage for donors or family related use,
mainly as an insurance against future illnesses. Since then CBBs are classified into
public and private. More recently, mixed or hybrid CBBs were established which
offer a combination of public and private storage. The total cost of UCB banking is
approximately $2000. Private CBBs charge approximately $1400-$2300 for col-
lection and processing and then around $125 per year for storage. Yet charges may
vary between banks according to their policy [16].

The potential advantages and disadvantages of each bank category to the general
public remain controversial. Public banking is widely supported by many organi-
zations such as the American Academy of Pediatrics, The American Society for
Blood and Marrow Transplantation, and the American Congress of Obstetricians
and Gynecologists. Although there are more than 22 million bone marrow donors in
international registries, some patients, especially with certain race or ethnicity, only
have 20-30 % chance of finding a matched unrelated bone marrow donor [17]. On
the other hand, the chance of clinical usage of autologous UCB stored in private
banks was estimated to be around 0.4 %. Several studies have looked into the
probability of needing autologous transplant; one study estimated the probability
to be between 1:20,000 and 1:200,000 [18]. Another study estimated the probability
of neonates using their private stored UCB between 1:75,000 and 1:100,000. The
variation in the estimates is reflected mainly by the different criteria used in each
study such as age and disease [19]. Also, in the case of blood malignancies, it is
unlikely that a child’s own UCB will be appropriate for transplant and a unit from
the public banks would be used instead.

The main advantages of using UCB for HSC transplantation is the ready
availability, quick search and procurement process, safety, pain- and risk- free to
the donors, long-term preservation, low risk of viral contamination and lower
immunogenicity when compared to bone marrow. The less stringent HLA matching
requirement increases the probability of finding a match for racial and ethnic
minority patients and those with rarer HLA types [20, 21]. HPSC from UCB
show higher proliferative ability than those from bone marrow and lower inci-
dences of GVHD after transplantation. As of writing, more than 600,000 UCB units
are stored in public banks, and more than 30,000 UCB units have been used for
transplantation.

The process of CB banking includes donor recruitment, UCB collection,
processing, testing, cryopreservation, storage, listing, search, selection, reservation,
release, and distribution for administration (Fig. 8.1). Each country has its own
regulation of UCB collection and storage. For example, in the United States, it is
regulated by the Food and Drug Administration. In the United Kingdom, it is
regulated by Human Tissue Authority. Some countries or states also require
accreditation by either The American Association of Blood Banks (AABB) or
The Foundation for the Accreditation of Cellular Therapy (FACT) to be legally
permitted to collect and store UCB. To date, several organizations have been
established such as Eurocord, The International NetCord Foundation (NetCord),
and FACT, mainly to facilitate the use of UCB in transplantation, promote
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Fig. 8.1 The process of The Process of UCB Banking
UCB Banking starts with
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developments in clinical use of CB cells, provide standards to ensure high and
uniform quality of CB units, and provide professional and public education.
Eurocord was founded by Professor Eliane Gluckman in 1995. It had been
originally built as an international registry of CBT and stem cell therapies for
malignant and nonmalignant hematological diseases, then diversified its activities
to the field of Autoimmune Disease where it operates in association with the
European Group for Blood and Marrow Transplantation (EBMT) and the “Société
Francaise de Greffe de Moelle” (SFGM) and to collect and validate clinical data of
patients transplanted. FACT is a nonprofit organization that provides standards for
high quality medical and laboratory practice in cellular therapies. It was co-founded
in 1996 by the International Society for Cellular Therapy (ISCT) and the American
Society of Blood and Marrow Transplantation (ASBMT). FACT inspect and
accredit qualified facilities after tracing the entire life of a cell product from
donor selection to collection, processing, storage, release, and ultimately adminis-
tration to a patient. NetCord is a nonprofit organization established in 1997. It
promotes studies and research on UCB to improve cellular therapy. NetCord links
CBB inventory to international registries to permit the identification of the most
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suitable UCB unit for each patient requiring a transplant. CBBs associated with
NetCord comprise the largest source of high-quality CB grafts for patients in need
of HSC transplantation. In 1999 NetCord began collaboration with FACT to
promote the highest quality in CB products. Together in 2000 they published the
first NetCord-FACT International Standards.

8.2.1 Donor Recruitment

CB donation starts with a donor recruitment process which can be conducted by CB
bank staff, midwives, gynecologists, or nurses working in the labor and delivery
clinics. During recruitment pregnant mothers become educated about UCB dona-
tion. The donation is a voluntary process and mothers have the right to refuse
donation without prejudice. Prospective donor mothers must sign an informed
consent form and agree to a health check questionnaire in a private interview,
while fully conscious and not in active labor. The consent form clearly explains the
process of donation, banking, applicable risks, discomforts, benefits, and alterna-
tives. Signing the consent form confirms the willingness to donate UCB of the
infant upon delivery, and allows a general health assessment to exclude any
infectious diseases, genetic disorders, and history of malignancies within the
family. The bank will then check the suitability of the prospective donor mother
for UCB donation and select the donor mothers in good health for donation to
reduce any risks to the mother, infant, staff, and UCB recipient. Prospective donor
mother selection must comply with national legislation and regulatory
requirements.

The donor mother health check questionnaire will be answered by the prospec-
tive donor mother to her best knowledge and assisted by the recruiter to explain any
unclear questions. This questionnaire should include: medical history of
noncommunicable diseases (hematological disorders, immunological diseases,
malignancies, skin diseases, psychiatric disorders, metabolic and endocrine dis-
eases, respiratory diseases, central nervous system diseases, renal and urinary
diseases); medical history of transmissible diseases (hepatitis B virus (HBV),
hepatitis C virus (HCV), human immunodeficiency virus (HIV), human T-cell
lymphotropic viruses type I and II (HTLV I-II), West Nile virus, Malaria, Chagas
disease, Babesiosis, Leishmaniasis, Syphilis, Gonorrhea, Tuberculosis, Prion dis-
ease, Creutzfeldt—Jakob disease); country of residence and travel history, medical
and surgical intervention; immunization and vaccination; medications; blood trans-
fusion; organ or tissue or stem cell transplantation; family history of inherited
diseases; and high risk behaviors (sexual behaviors, drug abuse, detention in prison
and penal institutions, tattoos, piercing and acupuncture) [22]. Signing the consent
form will allow the bank’s staff to access the medical record of the donor mother/
infant to verify the answers within the questionnaire and to check the current
pregnancy status.
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8.2.2 Cord Blood Collection

At the day of donation, prospective donor mothers should be reevaluated for good
health by reviewing her medical status and the current pregnancy. Mothers with any
sign of current infection, evidence of illicit needle use, transfusion or hemadilution
(infusion of >2 L of fluid), evidence of genital herpes or human papilloma virus,
gestational age <34 weeks, stillborn infant or fetal malformation should be
excluded from the donation process. CB collection can be done by a well-trained
CBB staff, delivery physician, or midwife. At the time of delivery, the UCB
assigned collector should reassess the suitability of donation based on the mother’s
health, infant health, and process of delivery. If abnormalities to the infant or
umbilical cord or placenta appear during the delivery (abnormal umbilical cord,
placental trauma, tear or malodorous, any suspicion of chorioamnionitis, abnormal
health of the infant, and ABGAR score < 5) that can affect the quality or safety of
the collection then the UCB should not be collected. The collection process must
not start until the safe delivery of the baby and assurance of the safety of the donor
mother. This should be coordinated in advance with the midwife/physician to
ensure smooth and fast recovery of the UCB after delivery. It is important to collect
the blood immediately after clamping the umbilical cord to avoid blood coagulation
and to maximize the collecting volume. CB can be collected either ex utero or in
utero from both vaginal and caesarean deliveries after safe delivery of the baby. Ex
utero collection is collecting the CB after the placenta is expelled, while in in utero
collection CB is collected before the placenta is expelled.

Briefly, the collection process is a venipuncture to the cord and blood drainage to
a sterile bag within 5 min. However, due to the high risk of contamination from the
vaginal fluid or colon derived fluid the umbilical cord needs to be thoroughly
cleaned and disinfected. The umbilical cord should be clamped 3-5 cm above the
umbilicus, then swabbed with chlorhexidine. A 4—8 inch? area should be disinfected
for 10 s using povidone iodine, then alcohol gauze. After approximately 5 s, a
needle should be introduced into the umbilical cord vein. The needle is connected to
a collection bag. It is recommended to withdraw the first 2-3 mL to remove any
contaminated blood from the needle puncture; this is applicable for any collection
bag supplied with sampling satellite bag. This blood is usually used for any labor
and delivery requested tests on the UCB.

During collection the collecting bag should be lowered to increase the blood
flow by gravity and gently mixed with the anticoagulants present in the collection
bag to prevent clotting of the collected blood. If during collection vessel wall
puncture, clotting or vein collapse occurs, a new puncture site should be disinfected
and scrubbed for a second needle puncture. Each bank has its own volume thresh-
old. However a minimum of 40 mL should be collected for potential future clinical
use. After a successful collection, UCB will be transported to a lab for processing
within 48 h. From the time of collection until the time of processing the UCB should
be monitored for time, temperature, and humidity according to the bank’s policy
and procedure.
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8.2.3 Donor Mother Testing

A donor mother sample must be collected within 7 days of delivery and transported
to the processing lab for communicable disease testing (Hepatitis B surface antigen,
anti-hepatitis B core antibodies, anti-hepatitis C antibodies, anti-HIV 1/2 anti-
bodies, HTLV I-II, cytomegalovirus (CMV), Syphilis and nucleic acid testing)
and for future testing if required. A serum sample DNA sample from the birth
mother should be stored in the bank for future testing. To maintain the confidenti-
ality of the donor mother and infant, a standard identifier should be used to
ensure international consistency to support the transfer, traceability, and transplan-
tation. It is highly recommended to use the international identification, the global
standard for the terminology, identification, coding, and labeling of medical prod-
ucts of human origin, organized by the International Council for Commonality in
Blood Banking Automation (ICCBBA) [23]. The CBB should maintain indefinite
linkage between the UCB unit, donor mother, and the donor infant records.

8.2.4 Cord Blood Processing and Cryopreservation

The HPSC population resides within the mononuclear cell fraction of the col-
lected CB. For that different strategies have been utilized by CBBs to assure
maximum recovery of this cell fraction. Two methods can be used to process
UCB prior to cryopreservation. The first method is based on red blood cell
reduction, using centrifugation and density gradient medium such as hetastarch
to isolate buffy coat enriched mononuclear cells. The reduced final UCB volume
of around 20 mL is then cryopreserved using 5 mL of 50 % dimethyl sulfoxide
(DMSO). The second method is based on plasma removal and the whole
remaining cellular part including red blood cells, white blood cells, and HPSC
is cryopreserved. The majority of CBBs use the red blood cell reduction method,
mainly to reduce the amount of red blood cells within the stored product, as it has
been shown that red blood cells can negatively affect cell viability and potency
after thawing [24]. Also this method is economically more efficient for banks in
terms of storage space and uses less DMSO which is toxic to blood cells if
exposed for more than 30 min before freezing or after thawing [25]. Therefore
DMSO is immediately removed or diluted after UCB thawing before transplan-
tation. On the other hand, the plasma removal method requires more storage
space and consumes more DMSO during cryopreservation. It is considered
cheaper in terms of processing but more expensive to store and more complicated
to thaw [26]. Before an UCB unit is cryopreserved, it is recommended to be
tested for sterility, TNC and CD344 count, viability, and CFU potency. A
minimum of 800 x 10° TNC within the final product prior to cryopreservation
is recommended for potential clinical use.
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In order to store UCB units for long-term periods, DMSO is added immediately
after processing under cold condition in a final 10 % concentration. After that, the
unit is frozen under controlled rate temperature (1-3° per min). This process will
maintain cell viability and avoids intracellular ice crystal formation. Although some
banks are still utilizing the “dump freezing” technique, which is freezing a unit
under uncontrolled conditions at —80 °C for 2-3 h before transfer into the final
storage location. This may affect cell viability and potency. The final frozen
product can either be stored in liquid or vapor phase nitrogen for up to 20 years
without significant effect on cell viability and function as previously reported by
Broxmeyer [27].

8.2.5 Cord Blood Unit Listing

After a UCB unit is stored it should remain under quarantine status and not listed for
search until a full review of the donation’s record is complete to ensure the safety
and quality of the unit. A donation’s record includes donor mother suitability, infant
health, collection process and unit’s acceptance for processing, testing, cryopres-
ervation, and storage. Listing CB units for search request could be within a single
center, or a group of selected organizations, nationally, or internationally. To
register UCB units on a database that is accessible by international cancer centers,
the bank should meet certain accreditations or standards such as FACT or AABB.

8.2.6 Cord Blood Unit Search, Selection, and Reservation

Once CB transplantation is indicated, a CB unit search can be initiated to find a
compatible unit of an appropriate cell dose from the listed CB units within a bank or
registry. A search request should include at a minimum: Transplant Center name
and address, requesting physician name, expected transplant date, expected date for
CB unit delivery to the Transplant Center, requester name and request date, patient
name and medical record number or ID, date of birth/age, sex and ethnicity,
ABO/Rh blood group, molecular HLA typing for HLA-A, -B, -C, -DRBI1, and
-DQBI1 genes, patient’s weight, disease diagnosis and phase. Several banks use for
HLA-A, -B, -C, -DRBI, and -DQB1 using all ten alleles while others only base
their search on HLA-A, -B, and -DRB1. The search will reveal a list of UCB units
from which the best 68 units will be presented to the Transplant Center for final
selection. The order of the units within the search list depends on the HLA degree
match and cell dose starting with 10/10 (6/6) HLA matching level, then 9/10 (5/6)
and finally 8/10 (4/6) prioritizing HLA-DRB1 match. In each HLA matching level
the units are ordered based on the TNC content, from highest to lowest. After the
Transplant Center receives the list of the CB units, the transplant physician will
select the most appropriate unit based on Transplant Center criteria and preference.
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The transplant physician usually requests the bank to reserve the selected unit for
further confirmatory testing including HLA typing, CFU potency, cell enumeration,
and viability. The second best unit is also selected to be reserved in case of double
UCSB transplant or as a backup for a single UCBT. The cord blood bank or registry
can provide assistance to the transplant physician in the selection process if
required.

8.2.7 Cord Blood Unit Release and Distribution
for Administration

Once a reservation request is received at a CBB, the bank will reserve the selected
unit(s) and review the CBU report which should include donor/infant eligibility, CB
unit and maternal transmissible disease markers test results for HIV 1/2, HTLV I/II,
Hepeatitis B, Hepatitis C, syphilis, and CMV, sterility test, blood group, infant donor
sex, ethnicity, 6-month donor follow-up findings and, confirmatory testing on the
CB unit attached segment for HLA typing, CFU, TNC and CD34+ count to ensure
the data provided is correct and meets all requirements for CB unit shipment.

8.3 Advantages of Using Umbilical Cord Blood Stem Cells

CB has many advantages as an attractive HPSC source for transplantation purposes
compared to bone marrow and peripheral blood HPSC. CB collection is a safe and
simple procedure without causing pain or medical risks to the mother or the
newborn baby, as it does not interfere with the delivery; CB is collected, tested,
and long-term preserved in advance and thus readily available for anyone in need in
the future with a shorter searching time when compared to unrelated donors for
bone marrow transplants.

CB is highly enriched with more primitive HSCs than bone marrow and periph-
eral blood [28]. The percentage of surface expressing CD34 cells in CB is approx-
imately 0.02-1.43 %, 0.5-5 % in bone marrow, and < 0.01 % in peripheral blood.
The percentage of CD347"CD38™ cells (cells mainly in the G, phase) and CD34™
HLA-DR™ cells in CB is 4 % and only 1 % in bone marrow [29].

CB cells have higher proliferative capacity than bone marrow and peripheral
blood; they are capable of longer hematopoiesis and can produce large numbers of
long-term repopulating stem cells. A study by Mok et al., showed that the numbers
of BFU-E, CFU-GM, and CFU-GEMM in CB units were at least five times more
than in bone marrow [30].

CB cells have decreased immune reactivity due to the immaturity of the immune
system, half of the B lymphocyte subpopulation are immature with a phenotype
CD19" CD5", most of the T lymphocytes are CD3~ CD8~, which is a T cell
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precursor. This immaturity of the effector cells decreases the alloreactivity of the
lymphocytes and therefore reduces the risk of GVHD [31]; CB transplants is thus
less stringent in HLA matching requirement which increases the probability of
finding a match for racial and ethnic minority patients and those with rarer HLA
types [20, 21].

Up to date more than 600,000 UCB units are stored in public banks, and more
than 30,000 UCB units have been used for transplantation.

8.4 Umbilical Cord Blood Clinical Applications

8.4.1 Pediatric Cord Blood Transplantation

After the success of the first UCBT, investigators and clinicians became more
confident in the use of UCB. A study in 1995 by Wagner describes results on
children with malignant and nonmalignant disorders receiving sibling UCBT with
0—1 mismatches. Engraftment at day 50 was 85 %, acute GVHD was 3 %, and
survival rate at 1.6 years was 72 %. Primary graft failure occurred in 15 % of
patients. Wagner subsequently in 1996 demonstrated the outcomes of unrelated
UCBT with either HLA matched or 1-3 HLA mismatches. Engraftment at day
50 was 100 %, acute GVHD was 11 %, and survival rate at 6 months was 65 %
[32]. In 1997 Gluckman reported the Eurocord registry experience in related and
unrelated UCBT. For recipients of related UCBT, engraftment at day 60 was 79 %,
acute GVHD was 18 %, and survival rate at 1 year was 55 %. For recipients of
unrelated UCBT, engraftment at day 60 was 89 %, acute GVHD was 32 %, and
survival rate at 1 year was 31 % [33]. Baker and colleagues compared in 2001
receiving 0-3 HLA mismatched UCBT with recipients of unrelated matched BMT.
The survival rate of mismatched UCBT was similar to the BMT group. However,
the engraftment time was poorly affected by the number of mismatches. Eapen and
colleagues compared children receiving HLA matched and mismatched unrelated
UCBT with HLA matched and mismatched unrelated BMT. Results indicated
delayed engraftment and increased TRM with UCBT with low cell dose and
leukemia-free survival was the same among the groups [34].

The first prospective study was a multicenter known as the COBLT published in
2008 by Kurtzberg et al. presenting the outcome of unrelated UCBT in 191 pediatric
patients with hematological malignancies. Median time to neutrophil and platelet
engraftment was 27 and 173 days, respectively. Graft failure occurred in 11 % of
patients and the 2 year OS was 42 % [35]. Subsequently, several investigators
emphasized the importance of cell dose and HLA on engraftment and TRM.
Wagner et al. showed that receiving 0-2 HLA mismatches with a cell dose of
1.7 x 10° resulted in improved outcomes [36]. Few other studies showed that
receiving a TNC dose more than 3.7 x 107 had a better chance of engraftment
and survival. As a result the importance of HLA matching and cell dose was clearly
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highlighted. Thus, a minimum cell dose for UCBT was established and having more
than 3/6 HLA mismatches was not recommended.

8.4.2 Adult Cord Blood Transplantation

Initially, UCBT was seen in children only due to the small volume of cells that was
thought not enough for a successful engraftment in adult patients. However, due to
the promising results in pediatrics UCBT was also established in adults. Most of the
early retrospective studies showed poor outcome compared to pediatric though
most of these patients received low doses of UCB, even lower than what was
recommended for pediatric UCBT.

Laughlin and colleagues in 2001 have conducted a study on the engraftment and
survival in adults with malignant and nonmalignant hematological disorders,
receiving unrelated UCBT. The median time of neutrophils and platelet engraft-
ment was 27 and 99 days, respectively. Graft failure occurred in 10 % and OS was
26 %. The cell dose of infused TNC was only 1.6 x 10’/kg with 0-3 HLA mis-
matches [37]. Another study by Rocha compared the outcome of unrelated UCBT
to matched bone marrow recipients in patients with acute leukemia. Acute GVHD
was lower in the UCBT group but the time of neutrophils engraftment in UCBT was
significantly delayed, primary graft failure occurred in 20 % patients vs. 7%
patients that received BMT. Chronic GVHD, relapse, TRM, and overall survival
were not different between the two groups. If we look at the cell dose infused, TNC
in UCBT (2.3 x 107/kg) was much lower than for BMT (2.9 x 108/kg) which could
be the reason for this outcome [38]. Eapen et al. presented a similar study compar-
ing UCBT with BMT and peripheral blood progenitor cell recipients. Again the rate
of acute GVHD was lower in UCBT patients, but with higher TRM [39].

8.5 Limitations of Using Umbilical Cord Blood Stem cells

The use of CB in transplantation has some limitations mainly due to the low volume
of blood that can be collected from the umbilical cord and placenta after delivery,
which affects the numbers of TNC and CD34 within a CBU. Major challenges of
using CB includes delayed engraftment; increased risk of graft failure; transplant
related mortality; lack of donor lymphocytes for immune therapy; and the variabil-
ity in the standards between different CBBs around the world reflecting cell
recovery after thawing and overall quality of the CB units. Many efforts focused
on improving CB transplantation outcomes. Several strategies have been developed
to increase the number of HPC in a single CBU and to accelerate engraftment. The
two main approaches that have been used are expanding the HPSC ex vivo before
transplantation and modulating the HSPC functionality to increase the homing to
the bone marrow niche after transplantation.
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8.5.1 Cord Blood Ex Vivo Expansion

Different methods have been studied to mediate HPSC expansion. An early study
using a combination of cytokines such as SCF, IL-3, IL-6 thrombopoietin, and
GCS-F showed an increase in the number of TNC and CD34 but did not affect the
time of engraftment [40]. Another method was tried using tetra-ethylenepentamine
(TEPA), a copper chelator, which was suggested to block HPSC maturation and
therefore reduce the rate of differentiation. Culturing CB cells with cytokines plus
TEPA shown a high fold of expansion in TNC with no difference in engraftment but
with a higher than expected rate of GVHD [41]. A more successful approach was
achieved using two donor CBUs also known as ‘double cord’. In this method the
patient receives either two unmanipulated CBUs in which outcomes are comparable
to bone marrow transplants or one expanded CBU and one unmanipulated unit.
Receiving two unmanipulated CBUs is being used as an alternative to a single CBU
mainly for adult CB transplantation when cell dosage is low.

Another approach is using mesenchymal stromal cells (MSCs), as they secrete
many cytokines and ligands that are important for HSPC growth and expansion.
This approach is the best ex vivo niche model as perivascular niches exist in the
bone marrow and MSC have been suggested to rise from prevascular cells in the
bone marrow. Several preclinical studies show a great expansion of UCB mononu-
clear cells when cultured with MSC, which resulted in 6-20-fold increase in TNC,
8-37-fold increase in CD34+ cells, and 3-200-fold increase in CFU potency. A
clinical study using UCB after MSC-mediated expansion was conducted recently.
All patients received an expanded UCB unit either derived from family members or
from third party donors in addition to an unmanipulated UCB unit. The expanded
unit showed 12-fold increase in TNC, 30-fold increase in CD34-+ cells, and a
17-fold increase in CFU potency. The median time of engraftment was 15 days
for patient who received expanded unit from family and 23 days for patients who
received expanded unit from third party. Chimerism data showed unmanipulated
UCB unit was responsible for long-term engraftment but expanded unit can engraft
but mostly at the earlier time frame [42].

A recent approach for ex vivo expansion is the use of Nicotinamide, a form of
vitamin B3 that can inhibit the function of SIRT1, a prototypical sirtuin family
member, through its oxidation effect on nicotinamide adenine dinucleotide (NAD).
SIRT1 has several biological effects on cell activities and its inhibition has been
shown to highly affect HSC differentiation and facilitate expansion of HPC. This
approach is still very recent, only one clinical trail has been conducted with
11 patients which showed that Nicotinamide can induce a 486-fold expansion in
TNC and 72-fold expansion in CD34. The median time of engraftment was
13 days [43].

Two or double UCBT (dUCBT) are highly recommended as a strategy to
increase cell dose and engraftment when the number of TNC in a single UCB is
not enough. A study by Barker presents the outcome of adult patients with hema-
tologic malignancy receiving two cords with 0-2 mismatches and a median TNC



8 Banking of Human Umbilical Cord Blood Stem Cells and Their Clinical Applications 171

dose of 3.5 x 107/kg. The median time of neutrophils engraftment was 23 days, no
graft failure, acute GVHD was 65 %, and 1 year DFS was 57 % [44]. In 2009,
MacMillan conducted a comparative study between single UCBT and dUCBT.
Chronic GVHD was similar in both groups while acute GVHD was higher in
patients with dUCBT but the rate of TRM was lower in patients with dUCBT
(24 vs. 39 %) [45]. A prospective study by Kindwall-Keller also comparing single
UCBT vs. dUCBT was conducted in 2012. The cell dose of TNC was 2.5 x 107/kg
in single UCBT and combined 3.0 x 10’/kg in dUCBT. All grafts had a 0-2 HLA
mismatches. The median time of neutrophils engraftment was 25 days in the single
cord group and 23 days in the double cord group. The median time of platelet
engraftment was 39 days in the single cord group and 57 days in the double cord
group. No difference acute GVHD. Overall survival at 60 months was 26 % in the
single cord group and 39% in the double cord group [46]. The reason for
contrasting results between single and double cord in adult patients is not clear
but could be due the transplant center, patient condition, patient age, and condi-
tioning. In pediatric patients comparing single cord to double cord showed no
difference in overall survival and increased rate of GVHD after dUCBT.

8.5.2 Cord Blood Homing to Their Niches

Some strategies have focused on UCB HSPC homing to their niche to improve
the time of engraftment. One of the first attempts was injecting the UCB directly
into the bone marrow. Clinical trials have shown reduced rates of GVHD and
good rates of engraftment but the median time was more than 20 days [47—49]. It
is well established that chemokine stromal cell derived factor 1 (SDF1), secreted
by bone marrow stromal cells, is an important mediator of HSPC homing to the
bone marrow [50, 51]. Cell surface protein dipeptidyl peptidase 4 (DPP4) is a
negative regulator of SDF1, which can reduce the ability of SDF1 to recruit HPC
to the bone marrow. Inhibiting DPP4 has been shown to increase homing of
hematopoietic cells in animal models [52]. A recent clinical trial using Sitagliptin,
a DPP4 inhibitor, showed around 80 % reduction of DPP4 activity but did not
markedly improve the time of neutrophil engraftment [53]. Two more recent
approaches have been used to mediate UCB HSPC homing. In one approach they
used complement fragment 3a (C3a) which was earlier reported to enhance CD34
cells migration toward SDF1 in vitro [54]. In the clinical trial they primed UCB
cells with C3a before transplantation. However, the results of engraftment were
not much different from the control patients which might be due to the concen-
tration of C3a or other factors that need to be optimized [55]. In the other
approach, they used a long-acting form of prostaglandin E2 (PGE2). Several
animal studies have demonstrated enhanced UCB engraftment and homing by
PGE2 [56]. However, a clinical trial using PGE2- primed UCB did not show a
difference in time of engraftment to control patients. Subsequently, optimizing
time, temperature, and media showed a slight advantage of engraftment but needs
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to be confirmed with further studies [57]. To date, using UCB expansion strate-
gies have shown better results in terms of time to engraftment however homing
strategies might still have important roles in future application.

8.6 Cord Blood and Hypoxic-Ischemic Encephalopathy

Hypoxic-ischemic encephalopathy (HIE) is an injury to the brain caused by oxygen
deprivation in newborn infants, and a leading cause of death or severe impairment
such as epilepsy, developmental delay, motor impairment, neurodevelopmental
delay, and cognitive impairment among infants. Hypothermia is currently the
standard therapy to treat newborns with HIE worldwide. Unfortunately, more
than 30 % of infants treated with this cooling approach die or develop neurological
and functional impairment [58, 59]. Stem cells have great potential in regenerative
therapy in a variety of diseases including neurological disorders. Several in vitro
studies have shown that UCB cells can differentiate into cells with characteristics of
neurons, oligodendrocytes, astrocytes, and microglial cells [60, 61]. In addition,
UCB has been clinically proven to prevent neurological deterioration in patients
with Krabbe disease [62] and Hurler syndrome [63]. Also having the advantage of
UCB being readily available after birth compared to other stem cell sources,
encourages investigators to conduct studies on autologous CB infusion in neonates
with HIE. This is particularly important for HIE therapy, where timing plays an
important factor as shown with hypothermia.

A recent clinical trial has been conducted on infants with HIE receiving autol-
ogous CB. In this study infants receiving autologous CB infusions with hypother-
mia have been compared with infants receiving hypothermia alone. The results
showed similar hospital outcomes, which includes mortality, oral feeds, and dis-
charge. The 1 year outcome survival using Bayley III scores was over 85 in 74 % of
CB and hypothermia recipients and 41 % of hypothermia recipients alone [64]. This
confirms the safety and feasibility of autologous CB infusions for HIE neonates.
However, a Phase II study is needed to provide further data on the feasibility and
efficacy of this approach.

8.7 Cord Blood and Cerebral Palsy

Cerebral palsy (CP) is a general term for a group of neurological conditions caused
by brain injury that affects movement and coordination. In most cases, CP occurs
during or shortly after birth. The symptoms usually become apparent during the first
years of a child’s life, which include muscle stiffness, uncontrolled body move-
ments, and coordination problems. There are several methods available to treat
many of its symptoms however; there is no cure for CP. A clinical trial using
allogeneic UCBT has been conducted on children with CP. In this study UCB was
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administered concomitant with recombinant human erythropoietin (thEPO) to
boost the efficacy of UCB, as it has neurotrophic effects. Ninety-six children with
CP were randomly assigned to the pUCB group, which received allogeneic UCB
potentiated with rhEPO; the EPO group, which received thEPO and placebo UCB;
and the Control group, which received placebo UCB and placebo thEPO. Scales
after 6 months showed that the pUCB group had significantly higher mental and
motor scores compared to the other groups which suggest potential benefits of this
approach [65]. However, allogeneic UCBT requires immunosuppression of the
child, which can cause inflammatory and neurotoxic side effects and may reduce
therapeutic efficacy. A few studies were conducted using autologous CBT on
children with CP. In 2011, Papadopoulos reported a case where two toddlers
presented with spastic diplegia received autologous CBT with G-CSF and hyper-
baric oxygen therapy. The two toddlers improved significantly in motor ability after
transplant. Another UCBT was reported in a child after severe global hypoxic-
ischemic brain damage caused by cardiac arrest. The boy presented quadriplegic CP
on the day of CB infusion and showed beneficial therapeutic effects few weeks after
the transplant [66]. In a cohort study by Lee and colleagues on 20 children with CP,
only 5/20 children showed neurological improvement [67]. The study included
different types of CP and children ranging from 23 to 91 months of age which might
be the reason for this discrepancy in efficacy as it seemed that younger patients
responded better to treatment as well as different types of CP. Therefore, more
clinical trials are necessary to define which type of patients will potentially benefit
from such procedure.

8.8 Cord Blood and HIV Infection

So far the only cure for HIV/AIDS patients was seen after receiving hematopoi-
etic cell transplantation (HCT). This accomplishment was demonstrated by Hiitter
et al. [68], in an HIV patient who received HCT using peripheral blood stem cells
from an HLA-matched donor who had a CCR5-A32/A32 mutation. CCRS is a
co-receptor for HIV entry into CCR5 CD4 T cells and carrying a homozygous
depletion of a 32 bp in the CCRS5 gene confers a natural resistance to HIV. After
the HCT, the patient has remained without any evidence of HIV infection for
more than 8 years after discontinuation of antiretroviral drug therapy. Identifying
HLA-matched CCR5-A32/A32 adult donors who are also homozygous for CCR5-
A32 allele is not readily feasible as the prevalence of this mutation is less than
1%. HCT from UCB on the other hand can be much more easily accomplished
due to the less stringent HLA matching requirement. After this successful HCT,
an inventory of cryopreserved CCRS5-A32/A32 UCB units was developed at
StemCyte international Cord Blood Center. However, only a few attempts were
so far conducted using UCB as a cure for HIV with rather poor clinical outcomes
due to cancer or post-transplant infections [69, 70]. Nevertheless, HCT from
CCR5-A32/A32 UCB still remains a promising option to cure HIV.
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8.9 Conclusion and Future Perspectives

In recent years UCB has become an alternative source of HPSC to peripheral blood
and bone marrow for allogeneic HSC transplantation. The main advantages of using
UCB for HSC transplantation is the ready availability, quick search and procure-
ment process, safety, long-term preservation, high proliferative ability, low immu-
nogenicity and lower incidences of GVHD after transplantation when compared to
bone marrow and peripheral blood. Since the first CB transplantation many CBBs
have been established worldwide. The full process of CB banking includes donor
recruitment, UCB collection, processing, testing, cryopreservation, storage, listing,
search, selection, reservation, release, and distribution for administration. Unfortu-
nately, variations exist between CBBs in handling CB, which highly reflects on the
quality of the CB units stored and availability for transplantation. However, having
certain accreditations like FACT, for example, can provide some assurance about
the quality of the CB unit to the transplant centers. To date, UCB has shown
successful results in clinical applications in treating many malignant and
nonmalignant diseases. Higher doses of cells are recommended to decrease the
rates of graft failure. In Adults, results seem promising especially with double cord
infusion. I personally anticipate that the use of CB will continue to grow not only in
the field of HPSC transplantation but also in the field of immunotherapy and
regenerative medicine. CB has the advantage of containing several subpopulations
of non-hematopoietic cells, such as MSC and endothelial progenitor cells that have
great potential to be used in therapy to treat many diseases including diabetes and
neurological disorders. Although the use of CB has not increased in the last 2 years
mainly due to the use of haploidentical donor transplants, I still believe that CB is
still new and a full understanding of its potential is not yet developed. Much
remains to be learned and understood to be able to take full advantage of
these ready-for-use cells.
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Chapter 9

Interactions Between Multipotential Stromal
Cells (MSCs) and Immune Cells During Bone
Healing

Jehan J. El-Jawhari, Elena Jones, Dennis McGonagle,
and Peter V. Giannoudis

9.1 Introduction

Human bone has a unique structure formed of outer dense layer of cortical bone
responsible for the weight bearing function. The outer bone is covered by the
periosteum that has a contributing role in the osteogenesis and the removal of the
periosteum delays significantly the bone repair [1]. The inner part of the bone is a
mesh-like cancellous bone containing bone marrow (BM) where various cell types
including multipotential stromal cells (MSCs) exist [2]. The first description of
MSCs was as colony-forming unit fibroblasts with capability to generate a new
bone in ectopic sites [3]. Later on, they were renamed as mesenchymal stem cells
[4]. According to the International Society of Cell Therapy (ISCT), MSCs are
defined as plastic adherent cells, which do not express hematopoietic lineage
markers CD45, CD34, CD14 or CD11b, CD79 alpha, CD19 and HLA-DR, but
they express surface molecules CD90, CD73, CD105. Thirdly, MSCs are able to
differentiate into osteoblasts, adipoblasts and chondroblasts [5].

There are many tissues where MSCs can exist in skeleton including the perios-
teum, bone, BM, muscles, tendons, ligaments and adipose tissues [6]. In animal
models, MSCs can migrate from BM into blood then circulate and home to the
injury site where they can be active in repairing tissues [7]. The most common and
best-characterised source of MSCs is BM. The surface molecule CD271 is currently
considered as a distinctive and selective marker for human BM and bone MSCs
[8, 9]. Interestingly, the periosteum contains MSCs with chondrogenic and
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osteogenic potential that is comparable to BM MSCs [10]. Furthermore, periosteal
MSC:s are higher in quantity relative to BM MSCs in canine models [11] but it is
unknown if periosteal MSCs are similarly abundant in human.

The proliferation of MSCs is closely linked to their differentiation function.
Rapidly growing MSCs have superior differentiation abilities compared to slower
proliferating MSCs [12]. In addition to mesenchymal tissue differentiation, MSCs
can display immunomodulatory functions, mostly suppression of the proliferation
and functions of different immune cells [13]. Critically, MSCs need to be primed by
inflammatory cytokines to play their immunomodulatory role [14]. With the
advancement of the examination of the surface phenotype and the functional
characterisation of MSCs from multiple tissue sources, the importance of MSCs
as key cells in bone healing becomes better understood.

Although the bone healing is a successive process, its phases are overlapping to
some-extent, inflammation, repair phase including chondrogenesis followed by
ossification then finally remodelling phase. When a fracture or bone loss occurs,
the injury-driven rupture of blood vessels and vasodilation causes an exudation of
plasma into the surrounding tissues. Plasma-derived fibrinogen is converted into
fibrin forming a haematoma, which traps various inflammatory cells and MSCs
[15]. The function of inflammation is the clearance of the damaged tissue and the
initiation of the repair by providing the needed cells and the appropriate cytokines
and growth factors [16]. Subsequent to the inflammatory phase, the repair phase
starts with the differentiation of MSCs into chondroblasts, which proliferate and
differentiate, forming a cartilaginous thickened structure called soft callus. Then
chondroblasts undergo hypertrophy and begin to deposit mineralised matrix and
soft callus is converted into a new bone (hard) callus. This process is known as
endochondral ossification leading to the formation of irregularly arranged (woven)
bone. During this phase new blood vessels are formed in a process called angio-
genesis. The final phase includes remodelling of woven bone into lamellar bone,
i.e. normally aligned bone [17-20].

Intramembranous repair involves a direct differentiation of MSCs into osteo-
blasts and it usually happens when broken bone edges are perfectly aligned (direct
or primary healing) [17]. In addition to MSCs, bone cells including osteoclasts and
osteoblasts also play important roles in bone healing. Osteoclasts are giant
multinucleated cells originated from monocyte lineage cells and express tartrate-
resistant acid phosphatase. The main function of osteoclasts is bone resorption
through release of the enzymes and other molecules, which degrade the bone matrix
[21]. Osteoblasts are bone-forming cells originated from MSC-derived progenitors.
The balance between the functions of these bone cells and immune cells helps to
maintain the normal quantity and the function of the regenerating bone and is
critical to determine the fate of the healing process [22]. In this chapter, the role
of various immune cells, cytokines, bone cells and MSCs and their interactions
during different phases of the bone healing in health and in exaggerated inflamma-
tory milieu are reviewed (Figs. 9.1, 9.2 and 9.3, Tables 9.1 and 9.2).
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Fig. 9.1 Cells involved during three stages of secondary bone healing. MSCs are involved in the
three phases of bone healing. Macrophages similarly play various roles during the whole process.
Neutrophils and NK cells are known to be involved only during inflammatory phase. In contrast, B
and T lymphocytes are involved in inflammatory phase then during late repair and early
remodelling phase. Chondroblasts are specifically active during repair phase of the secondary
healing. Osteoblasts are involved in the repair phase of the primary healing and in the remodelling
phase of either secondary or primary healing. In comparison, osteoclasts are contributed in both
inflammatory and remodelling phases of the repair

9.2 Inflammatory Phase

Inflammation taking place at the fracture site is caused by the damage of tissues,
hypoxic and low pH environment. Inflammatory phase involves several events
including the recruitment of different blood cells and release of various inflamma-
tory chemokines and cytokines [16, 23]. Immune response is critical for physio-
logical uncomplicated healing of fractured bone. The transfer of immune cells from
young mice via BM transplantation into immune-compromised mice improves
significantly the process of bone repair [24]. Furthermore, immune-compromised
patients such as HIV-infected individuals show delayed or complicated healing of
bone fractures [25]. Although different factors could be involved in HIV-related
fragility of healing bones, immune-related mechanisms have been demonstrated.
For example, serum level of both tumour necrosis factor-o (TNF-a) and the TNF
receptors are increased in these patients in comparison to healthy controls
[26]. Cells and molecules of innate and adaptive immune systems as well as
MSCs are involved in inflammatory phase of bone healing to maintain tissue
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Fig. 9.2 Interactions between MSCs, immune cells and bone cells during bone healing. During
the inflammatory phase, immune cells induce the proliferation of MSCs and prime them. MSCs in
turn control inflammatory response. Additionally, immune cells stimulate osteoclasts to remove
bone debris. During the repair phase, MSCs differentiate into chondroblasts (secondary healing),
which then mature into chondrocytes forming cartilaginous callus. With the help of immune cells,
cartilaginous callus converts into bone callus. Finally, the balance between osteoblasts and
osteoclasts help remodelling of bone callus into lamellar bone

haemostasis through removal of the damaged cells and induction of cartilage and
bone repair in addition to angiogenesis [27]. The role of different immune cells and
MSCs as well as other inflammatory soluble factors are discussed below.

9.2.1 Neutrophils

The first cells to be recruited into hematoma at the injury site are neutrophils. In a
rat model of tibia fracture, neutrophils were detected at the fracture callus on day
1 and remained for few days after the fracture [28]. In association with high level of
chemokine, cytokine-induced neutrophil chemoattractant-1 (CINC-1), neutrophils
migrate across the endothelium into hematoma site [29]. Neutrophils are important
to eliminate the microbial infection [30]. The functions of neutrophils at the fracture
site also include phagocytosis of the damaged cells and debris [27]. Although they
have short life span, neutrophils play antiseptic role at the fracture site, but it
remains unknown if they interact with MSCs.

9.2.2 Macrophages and Monocytes

Macrophages are recruited into the fracture site from the periosteum or peripheral
blood [31, 32]. Macrophage-colony stimulating factor (M-CSF), which is known to
target mainly macrophages [33], is expressed in the fractured bone, peaking during
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Fig. 9.3 The magnitude of inflammation affects the fate of bone healing via interactions with
MSC:s. A short acute inflammatory phase carried out by active cells and cytokines, helps to recruit
and stimulate the proliferation of MSCs. Additionally, this inflammatory response stimulates the
immunosuppressive effects of MSCs ending the inflammatory phase and progressing into normal
repair phase. In contrast, uncontrolled or chronic/exaggerated inflammatory phase is associated
with excessively activated cells and cytokines. These factors lead to the inhibition of proliferation
and osteogenic differentiation of MSCs causing an impairment of bone healing

inflammatory phase then again when remodelling phase starts [34] indicating an
involvement of the macrophages during all phases. Macrophages and platelets
produce bone morphogenetic proteins (BMPs), which contribute in organising the
shape of the different tissues particularly bone and cartilage [35]. BMPs are known
to stimulate the proliferation of MSCs and enhance their osteogenic differentiation
[36]. Another molecule, Oncostatin M, is produced by monocytes/macrophages and
induces osteogenic markers, Core-binding factor alpha 1/runt-related transcription
factor 2 (Cbfal/Runx2) and alkaline phosphatase (ALP) in MSCs enhancing their
differentiation into osteoblasts [37, 38]. Additionally, monocyte-derived exosomes
also increase the bone-forming function of MSCs via the induction of the expres-
sion of Cbfal/Runx2 and BMP2 in MSCs [39]. Monocytes activated by interleukin-
4 (IL-4) or lipopolysaccharide (LPS) elevate the expression level of Cbfal/Runx2
and ALP by MSCs [40]. Thus interactions between MSCs and macrophages induce
the osteogenic ability of MSCs preparing for the repair phase.
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Table 9.1 The role of immune cells during the bone healing
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Immune cell | Role Phase Reference
Neutrophils Eliminate microbial infection Inflammatory [30]
Remove damaged tissue and debris Inflammatory [27]
Macrophages | Production of BMPs Inflammatory/ | [35, 36]
repair
Production of Oncostatin M that stimulates Inflammatory/ | [37, 38]
MSC osteogenesis repair
Exosomes stimulates MSC osteogenesis Inflammatory/ | [39]
repair
Deposition of collagen I Repair [126, 127]
Transition of cartilaginous callus into bone Repair [120, 121]
callus
NK cells Priming of immunomodulatory function of Inflammatory [42]
MSCs
Migration of MSCs Inflammatory [46]
Production of RANKL, which induces osteo- Inflammatory [47]
clast formation
ILCs IL-17: osteoblast maturation, and osteogenesis | Late [63]
of MSCs inflammatory?
IL-22: MSCs proliferation and differentiation Late [64]
inflammatory?
T Priming of immunomodulatory function of Inflammatory [34]
lymphocytes | MSCs
Stimulate osteogenesis of MSCs Inflammatory [71]
Production of RANKL, which induces osteo- Inflammatory [69, 70]
clast formation
Transition of cartilaginous callus into bone Late repair [44, 45]
callus
Th17 cells Stimulate MSC osteogenesis Inflammatory [63]
Induce osteoblast maturation Repair [63]
Transition of cartilaginous callus into bone Repair [138]
callus
Induce osteoclast generation Remodelling [154]
T reg Decrease immunosuppressive effect of MSCs Inflammatory [73]
lymphocytes | Stimulate bone healing Repair [72]
B Stimulate osteoclastogenesis Inflammatory [74]
lymphocytes | Transition of cartilaginous callus into bone Late repair [75]
callus
Induce death of osteoclasts Early [44, 45]
remodelling
9.2.3 NK Cells

Natural killer (NK) cells constitute an important part of innate immune system and
are divided into two functional subsets: bright CD56 (cytokine producers or regu-
latory NK cells) and dim CD56 (killers). NK cells can circulate and reach different
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Table 9.2 The role of soluble factors during the bone healing

Soluble
factor Role Phase Reference
TNF-a Migration of MSCs Inflammatory [87]
Prime MSCs for immunosuppression Inflammatory [90]
Regulate the functions of osteoclasts and Remodelling [44, 45]
osteoblasts
IFN-y Stimulate proliferation of MSCs Inflammatory [92]
Prime MSCs for immunosuppression Inflammatory [92]
IL-1 Prime MSCs for immunosuppression Inflammatory [91]
IL-17 Prime MSCs for immunosuppression Inflammatory [95]
Stimulate the proliferation and osteogenesis Repair [63]
of MSCs
Promote osteoblast maturation Remodelling [63]
Induce osteoclastogenesis Remodelling [153]
1L-22 The migration, proliferation and differentiation Inflammatory [64]
of MSCs
CCR2 Increase vasculature Inflammatory [31]
Recruit macrophages And repair
TGF-f Suppress immune response Inflammatory [96, 97]
Enhance osteogenic differentiation of MSCs Repair [96]
BMPs Enhance proliferation and osteogenic differentia- | Inflammatory/ [157, 158]
tion of MSCs repair
Promote osteoblast maturation Repair [159-161]
SDF-1 Recruitment of MSCs Inflammatory [83]

organs where they become activated and function to keep immune haemostasis in
different tissues [41]. Up to date, little is known about the biological roles of NK
cells during the bone healing. One study has described a high expression of
interferon-y (IFN-y) in the tissues of diaphyseal regions of fractured femur in RAG
~/~ mice model, which lack both T and B lymphocytes [42]. As a major source of
IFN-y, this study has pointed to the importance of NK cells during bone repair. This
role is assumed because NK cells produce a major priming cytokine for immuno-
modulatory function of MSCs, IFN-y [42]. Yet, further research is needed to
understand the magnitude of NK cell-dependent priming of MSCs. The inflamma-
tory milieu as well as MSC-NK cell interactions could modify activated NK cell
functions to increase the production of IFN-y [43]. NK cells are also a major source
of TNF-a, which has a critical role in bone repair. Mice lacking TNF-o have been
shown to have defective bone generation [44, 45]. In addition to priming effects,
NK cells have been shown to enhance the migration of MSCs through matrigel
inserts [46].

NK cells stimulate the generation of osteoclasts through release of receptor
activator of nuclear factor kappa-B ligand (RANKL) [47]. Data from in vitro
studies has shown that RANKL and TNF-a also trigger monocyte differentiation
into osteoclasts [48]. This suggests that NK cells can indirectly, via effect on
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osteoclasts, help the removal of debris and damaged tissues in physiological bone
repair. In summary, NK cells can induce MSC functions including the priming and
the migration via their cytokines in addition to their effect on osteoclasts all indicate
their important contribution into the bone healing.

9.2.4 Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are newly characterised immune cells that originate
from common lymphoid progenitor but they lack lineage markers for T or B
lymphocytes [49, 50]. ILCs are divided into three functionally diverse subclasses,
ILCs 1,2 and 3. NK cells are considered as a subtype of ILCs 1. ILCs have common
receptors for IL-12 and IL-7 but have heterogonous functions with distinctive
pattern of cytokine profiles [51, 52]. While ILCs 1 secret Th1 cell-like cytokines,
TNF-a and IFN-y [53, 54], ILCs 2 produce IL-4, IL-5, IL-9 and IL-13 similar to
Th2 cells [55-57]. In contrast, ILCs 3 have similar profile to Th17 as they produce
IL-17 in addition to IL-22 and M-CSF [58]. Interestingly, ILCs 3 help the regen-
eration of damaged inflamed intestine, thymic and lymphoid tissues via their
production of IL-22 [59-61]. Furthermore, ILCs 2 play an important role in repair
against viral-related damage of bronchial epithelium [62].

Compared to their role in healing of epithelial and lymphoid tissues, little is
known about the role of these innate cells during the bone healing process.
Interestingly, one study showed that IL-17 putatively produced by ILCs 3 could
induce the expression of Cbfal/Runx?2 as well as late osteogenic marker, collagen
in MSCs [63]. Although this group indicated that Th17 cells could induce osteo-
genesis, a similar effect of ILCs 3 can be proposed, as they are another source of
IL-17 [63]. Furthermore, it has been shown that following priming with IFN-y and
TNF-a, IL-22 stimulates the migration and the proliferation as well as osteogenic
differentiation of MSCs in vitro [64]. This all suggest that these innate immune cells
probably work during later stage of inflammatory phase to prepare MSCs for next
phase of the bone repair. However, there is a need to locate and study the functions
of these ILCs within healing bone tissues.

9.2.5 T and B Lymphocytes

During inflammatory phase, the acquired immune cells, T and B lymphocytes are
important in bone healing. In animal models where T and B are depleted, a defect in
bone mineralisation and delayed healing has been described [65—67]. T and B
lymphocytes are recruited at the bone fracture site after 3 days of injury and then
reduced in numbers with the start of cartilaginous callus formation as shown in
animal models [63, 68]. RANKL that is made in part by activated T lymphocytes in
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addition to stromal cells and NK cells, stimulates osteoclasts to remove the dead
bone [69, 70].

Importantly, T lymphocytes are linked to the priming of immunomodulatory
function of MSCs as T lymphocytes secret TNF-a, the cytokine that peaks during
both inflammatory and repair phases [34]. Additionally, conditioned media from
the cultured CD4 T lymphocytes but not CD8 T lymphocytes can induce the
expression level of both early and late osteogenic markers, Cbfal/Runx2, ALP,
osteocalcin and Bone sialoprotein (BSP) by MSCs [71]. Th17 cells are positive
inducers of the osteogenic potential of MSCs and IL-17 enhance osteogenic
markers in MSCs both in vitro and in vivo [63]. Similarly, T regulatory lympho-
cytes (T reg lymphocytes) are also assumed to be involved in bone healing, as they
are major source of TGF-P, which promote MSC proliferation and osteogenesis
[72]. Members of TGF-f family, TGF-p2 and TGF-f3 showed maximal expression
when inflammation ends and cartilage formation starts, as they play their role as
immunosuppressive cytokines thus controlling the inflammation [73]. Altogether,
this illustrates how T lymphocytes can enhance the osteogenic potential of MSCs in
preparation to the next phase of repair.

There is some conflicting data about the role of B lymphocytes in bone repair.
While it has been shown that B lymphocytes enhance osteoclast formation [74],
another study showed that B lymphocytes suppressed osteoclastogenesis and pro-
moted death of osteoclasts via TGF-f expression [75]. Furthermore, in B lympho-
cyte deficient mice model of tibial injury, B cells did not affect osteoblast
differentiation or maturation during intramembranous ossification [76]. Remaining
inconclusive, there is a need for more studies to understand if B lymphocytes have
other roles during the bone repair via interactions with MSCs.

9.2.6 Multipotential Stromal Cells
9.2.6.1 Source and Recruitment

Hematoma formed soon after the bone fracture consists of granulation tissue
holding various cells including MSCs [15, 77]. The origin of these MSCs could
be the periosteum, BM or vascular endothelium-supporting cells, pericytes [78—
80]. Periosteal-derived MSCs have been shown to form bone and cartilage with a
help of BMP-2 for their differentiation [81]. In cases of open fractures where the
periosteum is stripped, MSCs can be also derived from adjacent muscle tissue
[82]. MSC:s are recruited into the fracture site under the effect of an inflammatory
chemokine, Stromal Derived Factor-1 (SDF-1) as revealed in a mouse model of
femoral injury [83]. By the activation of alpha serine/threonine-protein kinase
(AKT) and extracellular-signal-regulated kinases (ERK) signalling pathways,
SDF-1 induces the migration of MSCs and the secretion of angiogenic factor,
vascular endothelial growth factor (VEGF) [84] [85]. SDF-1 is also an important
inducer for BMP-2, which activates MSCs and promotes osteogenesis [86]. Another
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cytokine, which mediates the invasion of MSCs into the injury site is TNF-a that
acts via NF-kp-dependent signalling pathway [87]. The multiplicity of sources of
MSC:s reflects the vitality of these cells in the bone repair.

9.2.6.2 The Early Role of MSCs During Inflammatory Phase

Although MSCs have been detected in fracture hematoma, their role in early phase
of fracture repair is not completely clear. One in vitro study has suggested that
MSCs could be involved in phagocytosis of dead cells at the fracture site. This
process is associated with an increase of the expression of chemokine receptors,
CXCR4 and CXCRS, by MSCs helping recruiting more MSCs into the injury site
[88]. The exposure of T lymphocytes to these phagocytic MSCs could increase the
expression of RANTES thus recruiting more CD4 T lymphocytes to the injury site.
Furthermore, these MSCs could stimulate the differentiation of Th-17 cells that are
linked to osteogenesis [88]. Another study has indicated that MSCs could induce
the formation of osteoclasts with an involvement of IL-6 and M-CSF [89]. In
conclusion, MSCs seem to help removal of bone debris directly or by enhancing
osteoclastogenesis. Additionally, MSCs could induce further recruitment of MSCs
and T lymphocytes into the fracture site.

9.2.6.3 Priming of MSCs During Early Inflammatory Stage

Inflammation-mediated priming of MSCs is critical to complete the bone healing.
IFN-y can activate the proliferation and immunosuppressive function of MSCs via
the activation of the Kynurenine pathway [90]. Concomitant with IFN-y, TNF-a or
IL-1 increases the expression of adhesion molecules, ICAM-1 and VCAM-1 on
MSC surface helping their contact with T lymphocytes and causing an augmented
MSC-mediated inhibition of T cell proliferation [91]. It has been shown that TNF-a
also helps the proliferation of MSCs and the initial priming of immunosuppressive
function of MSCs via NF-kf-dependent mechanism [92]. The inflammatory cyto-
kine, IL-1 mediates its effect on MSCs via multiple signalling pathways including
map kinase (MAK), Jun amino-terminal kinase (JNK) and NFk-f. Furthermore, the
downstream activation mediated by IL-1 controls the production of immunomod-
ulatory factors, prostaglandin 2 (PGE2) and IL-8 by MSCs [93].

Within inflammatory milieu, the activation of toll-like receptors (TLRs) on the
surface of MSCs induces MSC migration, differentiation, proliferation and produc-
tion of indoleamine 2,3-dioxygenase (IDO) and PGE2. The stimulation of TLR
activates MAP kinase, NFk-f and PI3 kinase signalling pathways [94]. Recently,
IL-17 was added to the list of priming factors that induce MSC immunomodulatory
effect. IL-17 can induce the production of inducible nitric oxide synthase (iNOS) by
MSC:s as tested in vitro and in vivo [95].

In contrast to these priming cytokines, TGF-f can act as a counterbalancing
cytokine to decrease the immunosuppressive effect of MSCs. Uniquely, TGF-p
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affects both immunomodulatory and repair functions of MSCs [96]. One mecha-
nism by which TGF-p affects MSC immunomodulatory function is the decrease of
iNOS expression in SMAD3-dependent manner [97]. Similarly, immunosuppres-
sive cytokine, IL-10 abrogates the inhibitory effect of MSCs on the proliferation of
CD4 and CD8 T lymphocytes [98]. However, the role of these counteracting
cytokines during the inflammatory phase of bone repair is probably less evident
compared to MSC priming cytokines. The expression levels of TGF-f 2 and 3 are
increased during cartilaginous callus formation to help differentiation of MSCs
[73]. In conclusion, MSC priming and counteracting cytokines are likely to work
synergistically to prime MSCs for their immunomodulatory effects towards the
transition to the repair stage of bone healing.

9.2.6.4 The Late Role of MSCs During Inflammatory Phase;
Immunomodulation

The regulation of immune response within the fracture environment is critical to
reduce the tissue damage and inhibit fibrosis supporting the bone regeneration
[27, 34]. This important role of MSCs controlling inflammatory phase helps the
transition into the next stage of bone healing process [99]. The discovery of an
ability of MSCs to regulate immune systems was made in late 1990s/early 2000s by
the observation that MSCs suppress the proliferation of T lymphocytes in vitro and
in vivo, indicating an additional function of MSCs [100, 101]. The subsequent
studies have proven that only inflammatory-primed MSCs can mediate immunomo-
dulation of both innate and adaptive immune responses. The effect of MSCs on
IL-12 or IL-15 activated NK cells includes the suppression of NK proliferation,
killing and secretory functions [102, 103]. The differentiation of T lymphocytes
into Th1 and Th17 subsets can be suppressed by MSCs, however MSCs promote the
differentiation of T reg lymphocytes [104]. Additionally, MSCs can induce den-
dritic cells to trigger T reg generation via the production of IL-10 by these dendritic
cells [105]. Furthermore, MSCs induce the apoptosis of T lymphocytes that trigger
macrophages to secrete TGF-f inducing the expression of T reg lymphocytes
[106]. Moreover, MSCs have the ability to suppress the function and the migration
of B lymphocytes via the downregulation of the chemokine receptors expression,
CXCR4, CXCRS and CCR7, on the surface of B lymphocytes [107]. Overall, this
indicates that MSCs interact with both innate and adaptive immune cells controlling
whole inflammatory response.

The mechanisms by which MSCs exert their immunomodulatory effects are
mainly related to soluble factors. The soluble immunomodulatory molecules
include TGF-B, IDO, iNOS, PGE2, IL-1 receptor antagonist and tumor necrosis
factor-inducible gene 6 (TSG6) [108—111]. The use of these different players by
MSC:s varies according to host species, tissue type or priming microenvironment of
MSCs [112]. For example, mice MSCs mainly use nitric oxide (NO) to modulate
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immune responses, but IDO is the main player for human MSCs [112]. In summary,
MSCs exert a negative feedback loop to control the inflammation at the
fracture site.

9.2.7 The Summary of Inflammatory Phase

Under the normal condition, inflammatory phase is important initial phase of the
bone healing (Fig. 9.3). Neutrophils are the first cells to arrive at the fracture site
preventing sepsis. NK cells, TNF-a in addition to SDF-1 help to recruit MSCs that
directly and via the activation of osteoclasts help the removal of the dead cells and
debris. Other immune cells, B and T lymphocytes also stimulate the formation of
osteoclasts. Inflammatory cytokines and growth factors enhance the proliferation of
MSCs as well as priming of MSCs to exert their immunomodulatory effects. As a
negative feedback mechanism, primed MSCs then are able to suppress the inflam-
matory responses and help to start the repair phase of bone healing. Nevertheless,
the effects of some inflammatory cells continue to play their roles during the repair
phase (Figs. 9.1 and 9.2).

9.3 Repair Phase

The repair phase includes the formation of cartilaginous callus in the secondary
bone healing (endochondral ossification) from the enlarging cartilaginous tissue
patches filling the bone defect site [113]. On the other hand, the primary bone
healing involves the formation of hard or bone callus that happens in the absence of
cartilaginous callus (intramembranous ossification) [114]. The endochondral ossi-
fication is the most common healing type and includes the degradation of cartilag-
inous callus, which then is replaced by the bone callus in association with the
formation of new blood vasculature. The role of MSCs and immune cells as well as
soluble mediators is discussed below.

9.3.1 MSCs

During the repair phase, MSCs proliferate and differentiate into chondroblasts that
mature into chondrocytes, which deposit cartilaginous matrix [115]. Chondrocytes
mature and deposit calcium granules into matrix where these granules precipitate
with phosphatase forming apatite crystals under hypoxic conditions. During these
events and while a mechanically rigid bone callus is forming, a high expression of
osteogenic markers, procollagen-I, osteocalcin, ALP and osteonectin becomes
evident [17, 116].
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The second role for MSCs during this stage includes the production of VEGF
under control of Cbfal/Runx?2 transcription factor [117]. BM MSCs express angio-
genic factors, VEGF and angiopoietin-1 [118]. Thus, MSCs are considered the key
cells initiating this phase by chondrogenic differentiation as well as induction of
angiogenesis.

9.3.2 Macrophages

Macrophages are known to be involved in the intramembranous ossification during
the repair phase [31, 32]. Macrophages also participate in the bone repair via the
induction of angiogenesis. A significant decrease in macrophages in CCR2 ™/~ mice
was associated with impaired vascularisation and delayed formation of callus
[31]. Macrophages are present in invading vessels during the ossification of
mouse long bones [119].

Later during this phase, macrophages can efficiently secrete matrix metallopro-
teinases (MMPs) to break the cartilage matrix [120, 121]. MMP-9 and MMP-13
have important contribution during soft-to-hard callus conversion [122-
124]. MMPs and their inhibitors help the conversion of collagen II to type I and
the disturbances in the regulation of these enzymes are connected to the fracture
non-union [125]. In a mouse model of tibia fracture, both resident macrophages and
inflammatory circulating macrophages were shown to be vital for the deposition of
collagen type I [126]. Furthermore, it has been shown that the gene expression of
macrophage macrosialin protein is positively associated with the expression of
collagen in fractures [127]. In summary, macrophages are active during whole
repair phase working synergistically with MSCs to help deposition of collagen
matrix and formation of new blood vessels.

9.3.3 T and B Lymphocytes

Although they disappear at the end of inflammatory phase and during formation of
callus, T and B lymphocytes reappear during the mineralisation of cartilaginous
callus and have been detected in a close contact with osteoblasts and osteoclasts
[128]. Both types of adaptive immune cells are recruited into newly forming hard
callus presumably via new blood vessels to produce more TNF-a, the cytokine
responsible for the death of mature chondrocytes. Additionally, TNF-a stimulates
the maturation of osteoblasts and osteoclasts helping the conversion from cartilage
into bone [44, 45]. Overall, T and B lymphocytes have a role in the late stage of
bone healing helping the transition of cartilaginous callus into bone callus. This role
seems to be mediated via TNF-a to regulate the function of osteoblasts and
osteoclasts.
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9.3.4 Growth Factors and Cytokines

Different growth factors including platelet-derived growth factor (PDGF), TGF-p,
insulin-like growth factor (IGF) and fibroblast growth factor-1 (FGF-1) promote the
proliferation and the differentiation of MSCs into chondrocytes [129] [114]. Simi-
larly, BMPs-2, 4 and 7 induce the differentiation and proliferation of MSCs
[130]. Furthermore, BMPs stimulate the chondrocytes to secret extracellular matrix
proteins such as collagen type II [36]. The importance of these factors has been
established and it has been shown that the gene expression levels of BMPs are
significantly lower in the sheep model of delayed bone union compared to controls
[131]. Furthermore, the depletion of BMPs causes severe defects in the bone
formation as seen in animal models, whereas the treatment with recombinant
BMPs improves the fracture repair [132—134]. This indicates that multiple growth
factors help chondrogenesis at the start of the repair phase.

The bone fracture needs a good vasculature. Angiopoietin-1 and -2 proteins are
expressed early during healing promoting the vascularisation from periosteal cap-
illaries [135]. VEGEF is another key factor in angiogenesis and it is produced in a
large quantity from MSCs and differentiated chondrocytes converting avascular
soft callus into vascularised bone callus. For this process to be completed, the death
of chondrocytes and the breakdown of cartilaginous callus are happened in
TNF-a-dependent mechanism [136]. Importantly, TNF-o signalling in
chondrocytes increases MMPs and angiopoietin coordinating the expression of
the regulators of endothelial cell survival and modulators of cartilaginous destruc-
tion, the MMPs [135]. In summary, the correct balance between growth factors and
cytokines produced by endothelial cells and chondrocytes is essential [137] for the
transition of cartilaginous callus into vascularised bone callus helping the physio-
logical bone repair.

Interestingly, IL-17 can suppress chondrogenic differentiation of MSCs via
downregulating the expression of key chondrogenesis transcriptional factor
SRY-box 9 (SOX9) and its activator cAMP-dependent protein kinase (PKA)
[138]. Nam et al. have reported that an exposure of the osteoblasts to IL-17
increases the gene expression of collagen, osteocalcin and bone sialoprotein indi-
cating enhanced maturation of osteoblasts [63]. This together shows that Th17 cells
constitute an important contributing factor into the transition of chondrogenesis into
osteogenesis.

9.3.5 The Summary of the Repair Phase

MSCs and other immune cells are involved in this stage (Figs. 9.1 and 9.2). MSCs
differentiate into chondroblasts developing cartilaginous callus then these
cells mature into chondrocytes, which help the mineralisation of cartilaginous
matrix forming bone callus. The growth factors help the proliferation and the
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differentiation of MSCs as well as the maturation of chondrocytes. Additionally,
macrophages help the deposition of cartilaginous matrix. Angiogenesis starts in this
phase with a help of MSCs, macrophages and growth factors. Other immune cells,
T and B lymphocytes reappear late in this phase during the mineralisation of
cartilaginous callus helping the transition into bone callus aided by inflammatory
cytokines TNF-a and IL-17.

9.4 Remodelling Phase

Remodelling phase includes the reinstating of the normal architecture and the
orientation of the growing bone to restore its normal function. This occurs by
transforming of irregular woven bone callus into lamellar bone within two steps,
the resorption of mineralised bone and then the formation of new lamellar bone
[139, 140]. This process is mainly dependent on the balance between osteoblast and
osteoclast functions with the stimulation by BMPs [36]. Also during this phase, new
blood vessel formation is continued with minimal roles for immune and other
hematopoietic cells.

94.1 Cells

The established role for MSCs during the bone healing is the differentiation into
osteoblasts at later stages of the process [141]. Osteoblast formation is tightly
controlled by the influence of various growth factors and downstream signalling
pathways. Under the effect of TGF-, BMPs and IGF, MSCs differentiate into
osteoblasts [142]. Furthermore, the proliferation and osteogenic differentiation of
MSCs is regulated via the activation of Wnt/catenin signalling pathway [143—
145]. Cyclooxygenase 2 (Cox-2) protein that induces the production of
pro-inflammatory protein PGE2, can also stimulate the differentiation of MSCs
into osteoblasts. Cox-2 knock out mice show delayed healing of tibia fractures
[146]. Furthermore, reduced Cox2 expression with ageing is associated with a
delayed bone repair as shown in a mouse model of femoral fracture [147]. MSCs
have an inhibitory effect on osteoclast generation from monocytes progenitors via
mechanism mediated partially by the production of Osteoprotegerin (OPG)
[148]. This shows how MSCs can control the late stages of the bone remodelling
and further emphasises the link between inflammation and osteogenesis.
Osteoblast progenitors mature into mid-stage of collagen-producing cells before
fully maturing into osteoblasts, which also produce non-collagenous calcium and
phosphate binding proteins such as osteocalcin and osteopontin forming
mineralised bone [149]. Differentiated osteoblasts are involved in the matrix
formation in cbfa-1/Runx-2 and Osterix-dependent mechanisms causing the for-
mation of new lamellar bone [114, 150]. In contrast, osteoclasts are responsible for
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the bone resorption and they create acidic microenvironment to demineralise the
bone matrix and produce enzymes, which erode the bone. The functions of osteo-
blasts are balanced by that of osteoclasts and the disruption in this balance leads to
defective bone formation. An increase in osteoclast cell numbers and RANKL have
been detected in animal model of bone non-union [151].

It has been demonstrated that Th17 cells can enhance osteoclastogenesis
[152]. IL-17 enhances the differentiation of osteoblasts from MSCs as well as
increases the expression of RANKL on MSCs thus promoting osteoclastogenesis
when MSCs co-cultured with peripheral blood mononuclear cells (PBMCs)
[153]. Although Thl17 cells have not been detected in healing bone during
remodelling, they are linked to osteoblast and osteoclast generation and function,
highlighting their possible role in the final stage of the bone healing [154].
Additionally, macrophages are suggested to be involved in the remodelling
phase by enhancement of the osteoblast activity as well as the progenitors of
osteoclasts [32]. In total, inflammatory cells and IL-17 can control the
balance of osteoclasts and osteoblasts, which is the main feature of the remodelling
phase.

9.4.2 Soluble Factors and Cytokines

The main soluble factors that regulate the process of mineralisation of cartilaginous
callus are M-CSF, RANKL and OPG. Although the early peak of RANKL is mainly
derived from T lymphocytes during the inflammatory stage, its second high expres-
sion is evident during the repair/remodelling phase [34]. RANKL and M-CSF
secreted by osteoblasts work to enhance the survival and the activity of osteoclasts
[155, 156].

Additionally, a second elevation of pro-inflammatory cytokines, IL-6 and
TNF-a, has been shown to happen later as the mineralised callus is remodelled
into lamellar bone. These cytokines that are increased later on healing are expressed
by MSCs and osteoblasts [34]. Overall, certain cytokines and soluble proteins are
released by active osteoblasts then these factors work to induce the generation of
osteoclasts thus controlling bone remodelling.

9.4.3 The Summary of Remodelling Phase of Bone Healing

Bone cells, MSCs as well as certain immune cells are the main players during
remodelling phase (Figs. 9.1 and 9.2). During this phase, the hard callus formed of
irregular woven bone is transformed into lamellar regular bone via maintaining the
equilibrium between the activity of osteoblasts and osteoclasts. Controlling these
processes, MSCs differentiate into osteoblasts and can promote osteoclastogenesis.
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Th17 and macrophages regulate the balance of osteoblast and osteoclast functions.
Growth factors as well as cytokines, which are produced by osteoblasts, induce the
generation and the survival of osteoclasts.

9.5 Intramembranous Healing

Intramembranous healing is characterised by the direct differentiation of MSCs into
osteoblasts during the repair phase. Previous evidence has shown that certain
immune cells are involved in this type of healing. Bone-lining resident macro-
phages contribute to the intramembranous bone healing as shown in mouse tibial
fracture model [126]. Furthermore, the effect of T lymphocytes seems to be
extended to prepare the osteoblasts for the proliferative phase of the bone repair.
It has been reported that lack of T lymphocytes in RAG/~ mice shows delayed
maturation of osteoblasts and prolonged repair phase that further delay the
remodelling phase [63]. BMPs are essential for the proliferation of MSCs and the
production of alkaline phosphatase from MSCs and osteoblasts favouring bone
formation [157, 158]. BMP-3, BMP-4, BMP-7 and BMP-§ are strictly expressed
when the osteoblastic recruitment is most active. BMPs transduce their signal
through SMAD activation and in conjunction with other signalling pathways such
as Notch pathway [159-161]. These findings further demonstrate the strong link
between the bone healing and immune response with a help of growth factors.

9.6 MSC-Immune Cell Interactions; Implication
in Defective Bone Healing

Complications such as delayed or non-union of bone fractures could be related to
systemic inflammatory diseases or fracture-related reasons including sepsis, severe
soft tissue damage and multiple fractures [162]. MSCs are existed in non-union
tissues, but these MSCs have an impaired function including increasing their
senescence [163]. Additionally, it has been demonstrated that the number and the
proliferative capacity of BM MSCs can be impaired in patients with non-union
fractures compared to healthy controls [164, 165]. Furthermore, the osteogenic
activity is lower compared to BM MSCs [166]. However, these non-union MSCs
seem to retain their osteogenic differentiation when activated in vitro
[165, 167]. Additionally, these non-union MSCs can regain a full capacity of
osteogenesis if treated with BMP-2 [168]. Although, it is unknown if the changes
in MSC number and function are reasons or results of non-union, injecting autol-
ogous BM MSCs into non-union site is still widely used in therapy [169]. Addition-
ally, this indicates that the defect of non-union MSCs is related to
microenvironment rather than being an intrinsic fault. Immune response is linked
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to bone haemostasis due to the direct effects of immune cells on osteoclasts and
osteoblasts. Chronic inflammatory disorders due to systemic or local disease are
always associated with bone pathology. The effects of uncontrolled inflammation
including cells and cytokines are reviewed below.

9.6.1 Neutrophils

A systemic activation of neutrophils using oxygen free radicals leads to a defective
healing of bone fracture as shown in rodents [170]. Additionally, an induced
neutropenia in animal models of bone defects shows an enhanced osteogenic repair
[171]. Although it is not clear if neutrophils interact with MSCs, an excess activa-
tion of neutrophils has a negative effect on the bone healing.

9.6.2 Macrophages

As shown in an experimental model of bone fracture in rat, an excessive activation
of macrophages via systemic injection of lipopolysaccharide can reduce the secre-
tion of BMP-2 by macrophages and results in a delayed bone healing probably via a
negative effect on MSCs [157]. Monocytes and particularly those which express a
high level of a co-stimulatory molecule, Osteoclast-associated receptor (OSCAR)
have a greater potential to differentiate into osteoclasts via TNF-a mediated
mechanism within an excessive inflammatory milieu [172]. This implies an adverse
effect of activation of monocytes on the bone repair via their effects on both MSCs
and osteoclasts.

9.6.3 NK Cells

Within an excessive inflammatory milieu, NK cells could play a role in the
pathogenesis of delaying bone healing or even bone loss. Activated NK cells impair
the survival and function of injected allogeneic or autologous MSCs and subse-
quently inhibit MSC-dependent therapeutic effects [102, 173—176]. NK cells also
have a similar role in the pathogenesis of inflammation-related bone destruction as
shown in a mouse model of arthritis and the depletion of NK cells considerably
prevents the bone erosion [47]. In conclusion, activated NK cells could exert
adverse effects on the bone haemostasis.
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9.6.4 T and B Lymphocytes

A study comparing the abundance of cytotoxic T lymphocytes within the fracture
hematoma between healing and non-healing groups of sheep has reported a pre-
dominance of T lymphocytes in the non-healing group [177]. Moreover, a mouse
model of gamma delta T cell knock out has been shown an improvement in the bone
healing [178]. Interestingly, the uncontrolled stimulation of B and T lymphocytes
appear to be important in delayed bone healing. RAG ~'~ mice, which lack T and B
cells, show an enhancement of callus mineralisation and bone remodelling and
acceleration of the fracture healing [42]. These effects were associated with a lower
level of pro-inflammatory cytokines, TNF-a, IFN-y, IL-2 and IL-4 at local fracture
tissues [42]. Activated T lymphocytes are known to release RANKL, which
enhances osteoclast differentiation from their progenitors and consequently induce
the bone lysis [156]. Similar to T lymphocytes, B lymphocytes can stimulate the
generation of osteoclasts as they secret RANKL and specific autoantibodies. These
autoantibodies have a high binding affinity to the surface of osteoclasts and their
precursors inducing bone damage [179]. Altogether, the excess activation of these
adaptive immune cells is harmful for the bone generation.

In a recent study, a positive correlation has been observed between the delayed
bone repair and increase of the expression of peripheral blood terminally differen-
tiated CD8" CD11a* T lymphocytes, which highly produce IFN-y and TNF-«
[180]. Moreover, a depletion of these CD8" T lymphocytes leads to an improve-
ment of bone repair in an osteotomy mouse model [180]. In another study, activated
Thl cells or cytotoxic T lymphocytes were found to block osteogenic differentia-
tion of MSCs via the effect of IFN-y [181]. Interestingly, IL-17, which is produced
by activated Th17 subset of T lymphocytes, has been linked to bone destruction in
excessive inflammatory milieu [152]. These studies confirm the link between
effector T lymphocytes and impaired bone healing.

In contrast to effector subsets of T lymphocytes, T reg lymphocytes have shown
no suppressive effect on MSC-mediated bone formation probably because of an
associated suppressive effect on IFN-y and TNF-a. This finding was further con-
firmed when injected T reg lymphocytes has been shown to improve the
MSC-mediated repair of bone fracture efficiently in an animal model [182]. Trans-
plantation of syngeneic MSCs induced T reg response with a better healing
compared to allogeneic MSCs, which induced Thl response marked by the pro-
duction of IFN-y [181]. Similarly, infusion of T reg lymphocytes in calvarial defect
in mice was associated with an enhancement of MSC-mediated bone healing and a
reduction of the expression of TNF-o and IFN-y [181].

In conclusion, prolonged activation of immune cells inhibits osteogenesis.
Depletion of haematopoietic cells from human allograft material containing live
osteocytes [183] shows no adverse immune effects upon graft implantation in vivo
[184], but it is critical to study such allograft’s behaviour and MSC function
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generally in inflammatory milieu. This will pave the way to new therapeutic
solutions for non-union bone fractures.

9.6.5 Cytokines

Prolonged or uncontrolled inflammatory phase of bone repair could be destructive.
There is a link between excess inflammation, e.g. in microbial infection and
impaired osteogenesis [185]. Different inflammation-related cytokines and cells
are linked to pathological bone healing. TNF-a mediated chronic inflammation in a
diabetic mouse model has been shown to lead to the death of regenerating
chondrocytes thus impairing the bone formation [186, 187]. Importantly, TNF-a
has been shown to stimulate the expression of Wnt signalling pathway antagonist,
Dickkopf-1 (DKK-1) that has a direct suppressive effect on the differentiation of
osteoblasts. Conversely, the suppression of DKK-1 has been shown to activate the
Wnt signalling pathway and induce the bone growth [188]. DKK-1 seems to
suppress the OPG production and disturb OPG-RANKL balance leading to bone
lysis [188]. Another role for TNF-« is to suppress nephronectin, an extracellular
matrix protein that induces the development and growth of osteoblasts [189]. Addi-
tionally, TNF-a induces the production of M-CSF by BM MSCs, which in turn
enhances the expression of the key osteoclastogenic cytokine receptor, RANK in
the osteoclast progenitors [190]. Targeting TNF-a in these models reversed these
effects and improved bone healing [187].

In chronic inflammatory milieu, TNF-a suppresses the biomarkers of MSC
osteogenic differentiation via NF-kP signalling-dependent mechanism [191]. An
exposure of mouse MSCs to high doses of TNF-a and IL-1 reduced their osteogenic
differentiation as shown by suppression of ALP levels compared to controls
[192]. Both TNF-a and IFN-y inhibited MSC osteogenic ability in dose-dependent
manner in vitro [180]. Interestingly, an in vitro exposure to IFN-y augmented
TNF-a-mediated apoptosis of BM MSCs and suppressed their osteogenic differen-
tiation [182, 191]. The IFN-y-mediated inhibition of osteogenesis of MSCs was
associated with increased expression levels of SMAD-6, a negative controller of
bone differentiation [182]. Additionally, IFN-y enhanced the formation of osteo-
clasts [193]. Another inflammatory cytokine, IL-6 mediates osteoclastogenesis and
blocking of IL-6 receptor was shown to protect from bone erosion in mouse model
of arthritis [194]. Similarly, osteoclast formation was significantly reduced in
mouse model of arthritis where IL-1 was knocked out indicating that IL-1 has an
important role in inflammation-mediated bone lysis [195].

The chronic inflammation and pathological bone formation are associated with
dysregulation of BMPs and their inhibitors [35]. The gene expression of BMP
antagonists (noggin and follistatin) and certain MMPs, MMP-7 and MMP-12 are
higher in non-union tissues compared to that in normal healing callus [196]. In
contrast, many genes are inhibited in non-union including growth factors IGF-2,
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FGF-1, TGF-p2, PDGF, Wnt-induced proteins, B-catenin as well as receptors for
PGE2 [197].

In summary, exaggerated or prolonged effect of inflammatory cytokines and
cells have a negative effect on MSCs by inhibiting their osteogenic ability as well as
a stimulatory role on osteoclasts leading to defective bone formation (Fig. 9.3).

9.7 MSC-Immune Cell Interactions; Therapeutic
Implications to Fracture Repair

Animal studies and clinical trials, which used MSCs for therapeutic purposes of
bone repair, indicated that the inflammation status could affect significantly the
efficiency of these treatments. The magnitude of inflammation highly influences the
immunomodulatory effects of MSCs [13]. High dose of IFN-y or other priming
cytokines is needed to induce the immunosuppressive function of MSCs and
consequently the bone healing. In contrast, weak inflammation or low dose of
IFN-y might not be enough to prime MSCs for immunosuppressive effect, instead,
it could induce the antigen presentation property in MSCs and promote the recruit-
ment of immune cells [198, 199].

Allogeneic MSCs derived from BM, placenta and umbilical cord then implanted
under the kidney capsule on collagen-based matrix did not form ectopic bone
compared to syngeneic MSCs in murine recipients [200]. Similarly, cloned MSCs
derived from Balb/c mice could not promote bone growth in allogeneic mice
together with the suppression of osteogenic markers, Alkaline phosphatase, cbfa-
1/Runx2 and osteocalcin [181]. Additionally, the chondrogenic potential of syno-
vial MSCs transplanted into allogeneic rat with anterior meniscus defect was
impaired relative to autogenic implants [201]. In these conditions, an increase of
the local expression of NK cells, T and B lymphocytes as well as macrophages was
detected [181, 201, 202]. In addition, a high expression level of allo-specific
antibodies was demonstrated in the recipient hosts [202]. It has been proposed
that Th1 response evident by increase of IFN-y was responsible for the suppression
of the bone growth [181]. It is likely that the exposure of allogeneic MSCs to the
activated host immune cells leads to suppression of the functions of these MSCs and
failure of the therapy.

Interestingly, autologous MSCs are susceptible for killing by cytokine-activated
NK cells. This killing is related to the low level of HLA class I and to the presence
of ligands for NK cell activating receptors on the surface of MSCs [102, 173—
176]. Also, the activation of NK cells against MSCs is related to specific adhesion
molecules [176]. In cases of GVDH, NK cells could have a negative effect on
injected allogeneic MSCs, which threatens the fate of the transplant [203]. Despite
these in vitro observations, it is still unknown if NK cell-mediated killing of
allogeneic MSCs occurs when these MSCs used for therapy of the bone repair.
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In summary, NK cell-mediated killing of allogeneic MSCs could be another
mechanism causing the failure of therapeutic use of MSCs.

Allogeneic and autologous BM MSCs loaded on hydroxyapatite or p-tricalcium
phosphate scaffolds then implanted in femoral defect in dogs or tibia defect in mini
pigs or radius injury in rabbits, showed similar extent of the bone growth without
eliciting an immune response [204-206]. Additionally, an implantation of adipose-
derived MSCs loaded on matrix into ulnar defect in rabbits or added to fibrin glue to
fill the mandible defect in rats showed positive bone healing results comparable to
that using autologous MSCs [207, 208]. Seeding of allogeneic MSCs in
B-tricalcium phosphate scaffolds implanted in dogs has been shown to elicit an
inflammatory response, measured by increase of the number of T lymphocytes,
similar to that induced by autologous MSCs [209]. These observations indicate that
the interactions between allogeneic MSCs and recipient immune cells could be
avoided if these MSCs are loaded on mineralised scaffolds thus minimising their
accessibility to host immune cells.

9.8 Conclusions and Future Perspectives

Osteoimmunology is an emerging discipline exploring the relationship between
inflammation and bone biology and how inflammatory signals control bone healing.
Similar to the repair of muscle injuries and skin wounds where MSCs are involved
in all stages of the repair [210], MSCs interact with various cells, cytokines and
growth factors during the whole process of the bone fracture healing [211]. The
effect of inflammation on the bone healing through interaction between MSCs and
immune cells is complex. As explained, inflammatory cells and cytokines prime
MSCs towards immunomodulatory function while the excess activation of the same
mediators can suppress the osteogenic differentiation of MSCs. Furthermore, cyto-
kines like IL-17 could promote or suppress osteogenesis via its dual effect on both
osteoblasts and osteoclasts. Therefore a fine balance between the functions of
MSCs and inflammatory mediators and cells as well as between osteoclasts and
osteoblasts exists and the disturbance in these balances can lead to the complica-
tions of the bone repair such as delayed healing or fracture non-union.

Whilst the suppression of inflammation is needed for MSC differentiation to
proceed, inappropriate inflammatory-mediated priming of MSCs could lead to a
failure in switching off the inflammatory signals and hence to impaired progression
through the bone healing stages. The ultimate goal for using MSCs in cases of bone
defect or fractures should not be only be as powerful osteogenic cells but also as
immune mediators controlling the inflammatory stage of bone healing. Indeed,
several therapeutic approaches targeting inflammation in animal models of delayed
healing have been shown successful outcomes [211]. The better understanding of
MSC-immune cell interactions during the bone healing is therefore highly impor-
tant in order to modulate MSC-based therapy and ultimately treat or prevent
challenging cases of bone injuries.
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Chapter 10
Bone Marrow Stromal Stem Cells for Bone
Repair: Basic and Translational Aspects

Basem M. Abdallah, Asma Al-Shammary, Hany M. Khattab,
Abdullah AlDahmash, and Moustapha Kassem

10.1 Introduction

Human skeletal stem cells (also known as bone marrow stromal stem cell popula-
tion BMSCs, or mesenchymal stem cells) are present within the bone marrow
stroma and are characterized by self-renewal capacity, clonogenicity in vitro,
multipotent differentiation into mesoderm-type cells including osteoblast,
adipocyte, and chondrocyte, and their ability to form bone and hematopoiesis-

supporting stroma upon in vivo transplantation [1, 2]. In addition,
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differentiation of hBMSCs into cardiomyocytes [3], endothelial cells [4], and
non-mesoderm cell lineages including neural cells [5] have been reported but not
confirmed using in vivo assays.

The percentage of BMSCs subpopulation among other bone marrow mononu-
clear cells (MNC) is very low ranging between 0.01 and 0.001 % [6, 7]. MNBMSCs
were first identified by Friedenstein and coworkers as bone marrow osteogenic stem
cells with hematopoietic tissue supporting characteristics [8] and as adherent cell
population with a fibroblast-like morphology. Recent lineage tracing studies in
mice have revealed that bone and cartilage forming cells in the postnatal organism
originate within the skeleton and not recruited from non-skeletal stromal tissues and
thus the name of skeletal stem cells has been suggested to be the appropriate name
for bone forming BMSC [9].

10.2 Isolation and In Vitro Expansion of hBMSCs

Traditionally, hBMSCs have been isolated from low-density MNC population of
bone marrow aspirates, based on their selective adherence to plastic surfaces
compared to hematopoietic cells [1, 6, 10, 11]. Disadvantages of this method
include possible contamination of hematopoietic cell and the cellular heterogeneity
of cultures in relation to differentiation potential. In order to isolate a homogenous
population of cells with defined phenotype, several studies have used FACS-based
cell sorting to enrich for hBMSCs based on the expression of one or a group of
specific surface CD markers. Surface antigens including Stro-1 [12], CD271 [13],
CD146 [14], SSEA4 [15], and Nestin [16] have also been used to prospectively
isolate MSCs from bone marrow with tri-lineages differentiation capability. In
mice, we have recently employed CD34 to identify osteoprogenitor BMSC
[17]. In addition, a number of investigators employed a combination of surface
markers and CD markers to phenotype BMSCs and to enrich for BMSC population.
Examples of that: Stro-14+/CD106+ [18] and lin—/CD271+/CD140a- [19] that can
enrich for BMSCs.

10.3 Isolation of Adult MSCs-Like Cells from Different
Tissues

Populations with MSCs-like phenotype has been isolated from non-skeletal tissues
including peripheral blood [20], umbilical cord blood [21], amniotic fluid [22],
Wharton’s jelly (connective tissue surrounds cord blood vessels) [23], synovial
membranes [24], adipose tissue (AT), Lung [25], fetal liver [26], dental pulp
[27, 28], and deciduous teeth [29]. Some recent studies comparing the molecular
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signature of these different cell populations have reported similarities but also
differences related to the tissue of origin [30-33]. One significant difference is
that non-skeletal MSCs are poor at forming ectopic bone when assayed in vivo.

10.4 Phenotypic Characteristics of BMSCs

hBMSC:s are fusiform, fibroblast-like cells and during their initial growth in vitro,
they form colonies (termed in analogy with hematopoietic stem cells (HSCs):
colony forming unit-fibroblasts [CFU-f]) [10]. The in vivo location of BMSCs
has been suggested to be in a perivascular niche in close association with pericytes
and endothelial cells [34]. There are no specific cell surface markers that can
identify MSC prospectively. However, the cultured hBMSCs have been defined
based on being negative for hematopoietic and endothelial markers, e.g., CD11b,
CD14, CD31, CD34, and CD45, and positive for stromal markers, e.g., CD29,
CD44, CD73, CD105, CD106, CD146, and CD166 [35]. However, in practice the
multipotent MSCs are usually defined in functional terms based on in vitro and
in vivo differentiation assays.

The following criteria have been proposed by the International Society for
Cellular Therapy to define BMSCs: (1) BMSCs must have the ability for plastic
adherence during in vitro culture, (2) BMSCs should express CD73, CD90, and
CD105 with no expression of hematopoietic markers such as CD14, CD45, and
CDl11b, and (3) these cells must have the ability to differentiate into osteoblasts,
adipocytes, and chondrocytes in vitro [36]. One limitation of these criteria is that
they do not distinguish multipotent stem cells from committed progenitors. Also,
these criteria need revision to include newer markers that enrich for BMSC, e.g.,
CD146, CD271 (see above). In support of this notion, we recently demonstrated a
weak association between the abovementioned criteria as determined in vitro and
the ability of the cells to form in vivo ectopic bone which is the “stemness”
characteristic of the cells [32] [37]. In this study, using DNA microarray analysis,
we identified a predictive molecular signature for in vivo bone formation of BMSC
that can be employed to select for BMSCs population with high in vivo bone
forming capacity to be employed for clinical studies of bone regeneration [32].

10.5 Use of hBMSCs in Therapy

The use of hBMSCs in therapy has been based on their ability to differentiate to
specific tissue forming cells, e.g., bone or cartilage. However, the initial results of
preclinical and clinical trials have demonstrated low engraftment potential of the
cells in vivo and thus alternative hypotheses have been proposed to explain the
observed beneficial effects. The therapeutic effects of BMSCs may be mediated
through their immune-modulatory functions or paracrine effects by secreting
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growth factors/cytokines to stimulate the recruitment and the differentiation of the
residing tissue-specific stem cells [38—43]. Several studies have demonstrated that
hBMSCs are hypo-immunogenic and thus allogenic hBMSCs transplantation is
possible [44]. hBMSCs lack the expression of major histocompatibility complex
(MHC) class 1II, the co-stimulatory molecules CD40, CD80 and CD86 (even after
interferon-g (IFN-g) stimulation) and in addition express very little amount of
MHC-I molecules on their surface [45, 46]. BMSCs were found to escape T-cell
recognition and to exert anti-inflammatory effects by suppressing activated lym-
phocytes and T cell response to mitogens [47]. The immunomodulatory functions
have encouraged using hBMSCs to reduce inflammation and thus promoting tissue
repair [48] and allowed testing the cells for treatment of immune-mediated disor-
ders such as systemic lupus erythematosus (SLE) [49] and steroid-resistant graft-
versus-host disease (GvHD) [50].

10.6 Osteoblast Differentiation of BMSCs

Osteoblasts originate from BMSCs through a differentiation process that is con-
trolled by numerous hormones and growth factors. Osteoblasts are characterized by
expressing various phenotypic markers such as alkaline phosphatase (ALP) activity
and synthesizing collagenous and non-collagenous bone matrix proteins, e.g.,
osteocalcin and osteopontin. The in vitro osteoblast differentiation process has
been described as consisting of three distinct stages: (i) proliferation; (ii) lineage
commitment and matrix deposition; and (iii) matrix mineralization. BMSCs under
the influence of signaling molecules, e.g., bone morphogenetic protein 2 (BMP2),
induce osteoblast lineage-specific transcriptional factors, e.g., Runx-2, Activating
transcription factor 4 (ATF-4), and Osterix (Osx), which induce the formation of
osteoprogenitors. Osteoprogenitors produce extracelluar matrix, e.g., collagen type
I and increasing levels of alkaline phosphatase activity [51]. Finally, matrix mat-
uration and mineralization takes place as the cells mature in vitro as evidenced by
production of osteocalcin, osteonectin and formation of hydroxyapatite crystals.
Several signaling molecules were shown to enhance osteogenic differentiation
capacity of BMSCs in vitro and in vivo and thus they have been employed for
enhancing bone regeneration capacity of BMSCs, e.g., BMP-2/7, insulin-like
growth factor (IGF)-1, platelets-derived growth factor (PDGF), vascular endothe-
lial growth factor (VEGF), and fibroblast growth factor (FGF) [51, 52]. Several
approaches have been employed to enrich osteoblastic progenitors from BMSCs by
either using in vitro treatment with osteogenic factors (e.g., BMPs or transforming
growth factor [TGF]-p) [53] or by using a genetic approach for overexpression of
genes that enhance osteogenic differentiation of BMSCs including Ostrix [54],
Runx2 [55], and Msx2 [56]. We have employed advanced techniques of
transcriptome, micro-RNA (miRNA) microarray, and quantitative proteomic anal-
ysis to identify potential factors for enhancing the in vivo bone formation capacity
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of BMSCs, e.g., miR-138 [57] and miRNA-34a [58]. We have also employed small
molecule kinase inhibitor to enhance osteoblast differentiation and hBMSC-
mediated bone formation in vitro and in vivo [59].

10.7 Limiting Factors Affecting the Clinical Use
of hBMSCs

hBMSCs are promising stem cell source in regenerative medicine, however some
factors are still limiting their use in the clinical applications. In the following, we
will discuss two aspects of hBMSCs biology that have been examined extensively
in our laboratory: in vitro replicative senescence phenotype which hinders the
expansion of hBMSCs and phenotypic heterogeneity of cultured hBMSCs.

10.7.1 Replicative Senescence

In vitro replicative senescence (senescence-associated growth arrest) of hBMSCs is
one of the most important characteristic phenotype that hampers the generation of a
large number of cells needed for clinical applications. During long-term in vitro
culture of hBMSCs, the cells exhibit reduced proliferation rate and finally enter a
state of growth arrest. We found age-related decrease in the number of in vitro
population doubling (PD) of hBMSCs. While hBMSCs derived from young donors
can be maintained in culture for around 40 PD, hBMSCs derived from elderly
donors can be grown in cultures for only 24 PD [60, 61]. However, we did not detect
a donor age-related decrease in the number of CFU-Fs or in their base-line
differentiation potential [7]. Replicative senescence is caused by several factors
including DNA damage, accumulation of abnormal protein, or mitochondrial
changes [62, 63]. We have demonstrated that telomere shortening during cell
division [62] due to the lack of telomerase activity is an essential mechanism
underlying the replicative senescence of hBMSCs [64].

10.7.2 Phenotypic Heterogeneity of hBMSCs

hBMSCs appear to be a relatively homogenous population of cells in relation to
their morphological cellular phenotype and the expression of common cell surface
markers (see above). However, clonal analysis of BMSC populations has revealed
that the multipotent BMSC represents only around 20-30 % of total human MSC
population [65, 66]. Similar percentages of multipotent BMSC has been reported in
mice and rabbit (20 %) [67] and rabbit and guinea pig (36.8 %) [68]. Additionally,
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clonal analysis of Stro-1 bright VCAM-1" cells which contained an enriched
population of human bone marrow-derived MSC revealed that only 17 % of the
clones were multipotential [18]. Remaining cell populations represent a mixture of
bipotential and unipotential BMSCs [69]. Studying the hBMSCs heterogeneity at
single cell-derived clones in our laboratory revealed that human BMSCs contain
committed progenitors with lineage-specific osteoblast differentiation capacity and
in vivo bone forming ability [66]. Similarly, we have isolated and characterized
from mouse BMSCs, two homogenous BMSCs cell lines with unipotent differen-
tiation capacities of either osteoblasts or adipocytes: mBMSC®°" and mBMSC
Adipe - respectively [70]. Comparative microarray analysis of the transcriptome of
these two cell populations resulted in identification of specific surface markers for
prospective isolation of homogenous populations of osteogenic and adipogenic
pre-committed cell populations [17].

10.8 Clinical Applications of hBMSCs in Bone Tissue
Regeneration

Several preclinical and clinical studies have demonstrated the bone regenerative
capacity of adult MSCs-based therapy for the treatment of different types of skeletal
defects including cranial, oral, maxillo-facial, and long bone defects. Stem cell-
biomaterial based bone tissue engineering is clinically relevant approach used for
bone regeneration. In addition, both local and systemic transplantation of adult
MSC:s have also been reported to be efficient for the treatment of some specific bone
diseases such as osteonecrosis of femur head and osteogenesis imperfecta. In the
following sections, we will discuss the preclinical and the clinical applications of
adult MSCs in bone regeneration (see Tables 10.1 and 10.2).

10.8.1 Bone Tissue Engineering

Stem cell-biomaterial based bone tissue engineering has been tested for enhancing
bone regeneration for cranial, oral and maxillo-facial and other orthopedic recon-
structions. Tissue engineering combines adult MSCs, osteo-conductive biomaterial,
and osteogenic factors. In bone tissue engineering, autologous MSCs are isolated
from the patients, expanded, seeded on synthetic/biological scaffold, combined
with osteogenic factor(s), and subsequently implanted into the bone defect site of
patients has been proposed [71].

For bone tissue regeneration, the biomaterials used should provide the following
properties: (1) correct anatomic geometry that matches the bone defect, (2) osteo-
conductive or osteo-inductive material for enhancing bone regenerative capacity of
MSCs. (3) Owing micro/nano surface structural with highly connected and open
porosity that enhance cellular adhesion, survival and proliferation and to allow cell
migration, vascularization.
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Table 10.1 Preclinical studies on using adult stem cells in bone regeneration

Ref. | Stem cell therapy Bone defect model Results

[96] | Autologous BMSCs seeded on | Critical-size tibial BMSC:s in conjunction with
hydroxy apatite (HA) ceramic defect in a sheep a HA-based material
scaffold model enhanced repair of critical-

size tibial defects

[111] | Rat BMSCs, overexpression of | SCID hind limb Induced heterotopic bone
BMP-2 with poly (lactide-co formation in a SCID mouse
glycolide)/hydroxyapatite model
(PLAGA/HA) scaffold

[112] | Systemic administration of Murine model Increased percent of miner-
mouse BMSCs over-expressing alized callus than controls at
insulin-like growth factor-I 2 weeks and average greater
(D1-IGF-I) mineralized matrix at 4 and

6 weeks

[113] | BMSCs stably over-expressing | Critical size tibial Improved healing of critical
human BMP-2 (Adv-hBMP-2) | defects in goat size tibial defects in goat
gene-transduced

[114] | Dog BMSCs seeded on B-TCP | Dog with mandibular | Enhanced bone formation
scaffold segmental defect and vascularization

[115] | Autologous adipose- MSCs with | Rabbit critical-sized | Enhanced bone formation
fibronectin-treated polylactic skull defect
acid scaffold

[116] | Rat BMSCs overexpression of Critical size mandib- | Enhanced bone formation
BMP- with pre-mineralized silk | ular bony defects
scaffolds

[101] | BMSCs and endothelial progen- | A femoral critical Significant bone formation
itor cells (EPCs) from buffy coat | sized in adult athymic |in BMSCs and EPCs
seeded on B-TCP granules, or rats combination
autologous bone

[107] | Systemic transplantation of Segmental bone Sufficient bone formation
mBMSCs transduced with defect of the tibiae in | for healing
rAAV6-BMP2:VEGF athymic nude mice

[108] | Systemic transplantation of Osteopenic OVX Therapeutic potential to
BMSCs expressing BMP2 under | mouse model restore bone growth
the transcriptional control of
collagen type-lalpha promoter

[117] | BMSCs seeded on porous cal- Maxillary sinus aug- | Promoted new bone
cium phosphate cement scaffold | mentation in rabbits | formation
loaded with rhBMP-2

[118] | BMSCs over-expressing HIF-1a | Rat critical-sized Enhanced the bone

calvarial defect regeneration

[119] | Canine BMSCs, canine dental Bone mandibular Stem cells from deciduous
pulp stem cells (cDPSCs), and defects in canine teeth, dental pulp, and bone
puppy deciduous teeth stem model marrow with PRP have the
cells (pDTSCs), and platelet- ability to improve bone
rich plasma (PRP) formation

[120] | Periodontal ligament progenitor | Rat calvarial critical- | Enhanced calvarial bone

cells (PDLCs) with

sized defect model

repair significantly
(continued)
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Table 10.1 (continued)

Ref. | Stem cell therapy Bone defect model Results
hydroxyapatite/extracellular
matrix (HA-ECM) scaffold
[81] | Adipose-MSCs seeded on coral | Cranial critical-sized | Improved bone regeneration
scaffold defects in parietal
bones in canine
model
[98] | Allogeneic BMSCs or autolo- Mid-shaft critical- Allogeneic MSCs are simi-
gous BMSCs loaded onto small- | sized segmental the lar to autologous BMSCs in
sized allogeneic cancellous bone | of both radiuses in bone regeneration
granules rabbits
[121] | Dental follicle stem cells Calvarial critical-size | DFSCs are capable to repair
defects in immuno- craniofacial defect
competent rats
[122] | Adipose-MSCs with polyamide, | Calvarial defect in New bone formation was
poly lactic-co-glycolic, rabbit model more significant with
decellularized amniotic mem- ADMSC polyamide
brane scaffolds scaffold

Materials used for fabricating bone engineering scaffolds can be divided into
(a) natural-based materials (i.e., alginate, chitosan, and hyaluronic acid derivatives,
or proteins gelatine, collagen), (b) synthetic polymers (e.g., poly(e-caprolactone)
(PCL) and poly(lactide) (PLA)), and (c) ceramics including calcium phosphate
ceramics such as hydroxyapatite (HA) and tricalcium phosphate (TCP) which are
most commonly used in the clinic. Also, polymer-ceramic composites, such as poly
(propylene fumarate)/CaSO,/-TCP biodegradable and poly-e-caprolactone (PCL)/
hydroxyapatite were developed with improved properties for adhesion and survival
of MSCs [51, 72, 73].

Some recent advances in designing large bone grafts for stem cell-based bone
tissue engineering will be mentioned here. The use of advanced technology of 3D
printing to create scaffold suitable for use in anatomically complex sites, e.g., for
repair large craniofascial defects [74]. Oxygen generating scaffolds have been
created to enhance vascularization and stem cell survival. This was achieved by
incorporating oxygen enriched biomaterials (calcium peroxide) into fabricated
polymer scaffold PGLA [75]. Functional scaffolds capable of prolonged and
sustained release of bioactive molecules have been designed to create a drug
delivery scaffold for enhancing stem cell adhesion and differentiation [76]. For
example, osteogenic potential of BMSCs was significantly enhanced when cultured
on PLGA-sintered microsphere scaffolds with controlled release of osteogenic
factors including dexamethasone, ascorbic acid, and p-glycerophosphate [77].

10.8.1.1 Use of hBMSC for Craniofacial Bone Defect Regeneration

Treatment of large craniofacial bone defects is a highly invasive procedure
that required 3D geometrically shaped and vascularized autologous bone
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Table 10.2 Clinical studies on using adult stem cells in bone regeneration
No. of
Reference | Stem cell therapy Bone defect patients | Clinical results
[123] Mandibular periosteal Maxillary 2 Reasonable bone formation
MSCs sinus floor with periosteal derived
augmentation osteoblast
[124] Autologous ASCs Traumatic 1 Case report: complete
calvarial calvarial continuity and new
defect bone formation after
3 months of reconstruction
[84] BMSCs in combination Maxillary 6 Improved bone regeneration
with biphasic HA/B-TCP sinus in the floor of maxillary sinus
scaffold augmentation
[125] BMSCs and platelet-rich Maxillary 12 Significant increase in miner-
plasma and bone graft sinus alized tissue around inserted
augmentation implants
[92] A combination of autolo- Hemi 1 Case report: induced a well-
gous adipose-MSCs and maxillectomy ossified bone
B-TCP and rhBMP-2 defect
[104] Autogenous bone marrow Osteonecrosis | 19 Reduces delay progression of
cells of femoral osteonecrosis and reduced
head femoral head, fracture
incidence
[126] bovine bone mineral Maxillary 12 Bone formation with BioOss
(BioOss) mixed with autog- | sinus floor seeded with stem cells to be
enous bone or autogenous augmentation superior to BioOss mixed
BMSCs with autogenous bone
[106] Autogenous BMSCs Femoral head | 100 BMSCs delay femoral neck
osteonecrosis osteonecrosis, deceased pain
and joint symptoms
[127] Autogenous BMSCs and Alveolar cleft |3 Enhanced bone regeneration
Platelet rich plasma and defects
rhPDGF
[105] Autologous bone marrow Osteonecrosis | 64 Delayed the progression of
mononuclear cells of femoral osteonecrosis
head
[88] Autologous hBMSCs popu- | Alveolar bone | 24 Improved bone regeneration
lation enriched in CD90"/ defects in craniofacial defects
CD14" cells
[87] Autogenous adipose-MSCs | Cranio max- 13 Successful reconstruction
seeded on p-TCP illa facial hard using adipose stem cells
supplemented with thBMP- | tissue defects
2
[89] Autologous hBMSCs popu- | Maxillary 30 Sufficient de novo bone
lation enriched in CD90*/ sinus defects regeneration to stably place
CD14" cells delivered on oral implants
B-TCP scaffold
[102] Autologous hBMSCs in Tibia non 24 Significant reduction of
platelet rich plasma seeded | union healing time

on demineralized bone
matrix allograft
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transplantation. BMSCs have been used to repair bone defects of oral and maxil-
lofacial region in many preclinical and clinical studies.

BMP2 gene-modified BMSCs and B-TCP particles were reported to promote
new bone formation in rabbit maxillary sinus floor elevation model [78] and rat
critical size mandibular defect model [79]. Furthermore, autologous BMSCs in
combination with porous p-TCP were effective to repair alveolar bone defects in
dogs with sufficient new bone support for tooth movement [80]. Allogeneic
adipose-derived MSCs (ASCs) seeded on natural coral scaffold regenerated bone
in cranial critical-sized defects of dog model without inducing any immune
response [81]. In large animal, bone healing of noncritical-size defect in the pig
mandible was augmented by local transplantation of ASCs into the defect site
compared to the control group without cell treatment [82].

At the clinical level, studies that have employed both BMSCs and ASCs were
used for treatment of patients with craniofacial bone defects. Human bone grafts
have been produced using hBMSCs and a “biomimetic” scaffold-bioreactor system
[83]. In the following, we will provide some examples (see Table 10.2). New bone
formation without complications was reported in maxillary sinus elevation of six
patients implanted with a combination of HA/TCP and allogenic BMSCs in
posterior maxillary area [84]. hBMSCs seeded onto a resorbable collagen matrix
sponge were employed to repair the alveolar cleft defects in patients with unilateral
cleft lip [85]. In addition, an injectable mixture of hBMSCs/platelet-rich plasma
and thrombin/calcium chloride preparations has been used for ridge augmentation
and dental implant placement in humans [86]. Transplantation of 13 patients with
defects in the cranio-maxillofacial skeleton at different sites with autologous ASCs
seeded on B-TCP granules showed a successful bone reconstruction in ten out of
13 cases [87].

In two randomized, controlled feasibility trials, Kaigler D. et al. have used CD90*
/CD14" hBMSCs for treating large bone defect. In the first trial, patients
requiring localized reconstruction of jawbone defects were randomized to
receive into the extraction site either guided bone regeneration (GBR)
(a procedure of isolating the bone defect from the surrounding connective tissue
to allow new bone growth) or mixture of CD90*/CD14* hBMSCs seeded on a
gelatin sponge and covered by a bio-absorbable collagen. Clinical results dem-
onstrated the advantage of hBMSCs-based therapy in promoting alveolar bone
regeneration compared to GBR therapy [88]. In the second trial, 30 patients with
severe bone atrophy of the upper jaw were treated either with B-TCP scaffold
alone (control) or in a combination with seeded autologous CD90%/CD14*
hBMSCs. Follow-up over 6 months demonstrated the benefits of using stem
cells therapy for generating bone with high density sufficient to stably place oral
implants [89].

Large mandible bone reconstruction to support dental implants has been
manufactured using customized titanium mesh filled with either autologous
hBMSCs combined with autograft cancellous bone and BMP-7 [90], or ASCs
combined with thBMP-2 and B-TCP granules [91]. A composite of hASCs,
rhBMP-2, and B-TCP granules has been used to reconstruct a major maxillary
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defect in patient [92]. Despite the limited number of patients in these studies, these
reports demonstrated the regenerative capacity of MSCs to repair bone defect with
minimal invasive procedure.

10.8.1.2 Use of hBMSC for Treatment of Bone Critical Size Defects
and Non-healed Fractures

In several preclinical animal models, BMSCs have shown ability to enhance tissue
regeneration. Implanted autologous BMSCs loaded on HA/TCP ceramics were
shown to regenerate bone in critical-sized segmental defects in the femurs of adult
athymic rats [93, 94], femurs of dogs [95], tibiae of sheep [96], and iliac wing of
goats [97]. In a rabbit model of a critical-size radius bone defect, comparable results
of bone regeneration were obtained by using either allogeneic or autologous BMSCs
loaded on allogeneic cancellous granules [98]. Also a combination of gene therapy
and tissue engineering has been examined in mice. Implantation of BMSCs-
overexpressing BMP2 gene loaded on collagen type I biodegradable scaffold in
nonunion bone fracture mouse model showed to form bone with chemical compo-
sitions and physical properties similar to native bone [99].

Vascularization of the implants is crucial for successful bone regeneration,
improving vascularization at early stage of bone healing has been an area of
intensive investigation in cell-based tissue engineering. To enhance vascularization
of the newly formed bone, murine BMSCs were co-implanted with human umbil-
ical vein endothelial cells (HUVECs) in fibrin/Matrigel complex to support
neovascularization and bone formation in calvarial bone defect mouse model
[100]. Enhanced early vascularization and bone healing have been observed in a
critical-sized long bone defect in athymic rats upon transplantation with a
co-culture of endothelial progenitor cells (EPCs)/BMSCs seeded on fibronectin-
coated beta-TCP granules [101].

At the clinic level, a randomized controlled clinical study of patients with distal
tibia fractures were injected into the site of fracture with composite graft of Ignite
ICS injectable scaffold (demineralized bone matrix), sorted autologous CD105*
BMSCs and platelet-rich plasma. Clinical data revealed enhanced fracture healing
as compared to untreated control group [102]. In addition, a complex of enriched-
BMSC:s (by centrifugation using COBE 2991™ Cell Processor) with porous §-TCP
granules was used to perform posterior spinal fusion in patients with degenerative
disc disease [103]. In this study, 95.1 % cases displayed good spinal fusion results.

10.8.2 Use of hBMSC for Treatment of Osteonecrosis
of the Femoral Head

Osteonecrosis of the femoral head (ONFH) is characterized by vascular ischemia
resulting in apoptosis of osteoblasts and subsequently destruction of the hip joint.
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Local transplantation of bone marrow cells containing adult BMSCs has been used
as a less invasive therapy for the treatment of ONFH. In nonrandomized study,
19 patients with non-traumatic ONFH were treated either with a core decompres-
sion procedure (CD) (control group) or with core decompression plus autologous
mononuclear bone marrow cells (BMMCs) transplantation. After 60 months of
follow-up, treatment of necrotic lesion with bone marrow cells implantation was
very effective in reducing pain and fractural risk [104]. Perfusion of autologous
BMMCs via medial circumflex femoral artery in 62 patients with ONFH showed to
be safe and effective in improving the hip function [105]. Furthermore, in a
randomized study of 100 patients with early-stage ONFH, autologous expanded
hBMSCs from subtrochanteric bone marrow aspirates were implanted in the fem-
oral heads after CD procedure, while control group underwent CD procedure alone.
Sixty months after surgery showed decreased pain and joint symptoms as well as
delay in the progression of ONFH in cell treated group [106].

10.8.3 Systemic BMSC Transplantation

Several preclinical studies have investigated the bone regenerative capacity of
genetically modified BMSCs after systemic transplantation in bone defect animal
models. Kumar et al. demonstrated the capacity of genetically modified mBMSCs
to expressed BMP2 and VEGF to enhance bone formation in a mouse model of
segmental tibia defect after systemic transplantation [107]. Systemic transplanta-
tion of MSC-expressing BMP2 under collagen type I promoter and a-4 integrin
(to enhance their homing to bone) in osteopenic ovariectomized (ovx) mouse model
exerted a therapeutic potential to restore bone growth [108]. Furthermore, system-
ically transplanted mBMSCs-expressing insulin-like growth factor-I (IGF-I) pro-
motes the healing of nonunion tibia fracture of insulin-receptor-substrate knockout
mice. In this Irs—/— mouse model that lacking IGF/insulin signaling and the
subsequent IGF-I paracrine response, the mechanism of new bone formation was
found to be mediated by BMSC-IGFI through autocrine effects of IGF-I on
transplanted BMSCs [109].

In the clinic, treatment of six children with severe osteogenesis imperfecta
(underwent bone marrow transplantation) by systemic transplantation of allogenic
health BMSCs resulted in the engraftment of BMSCs in bone, increase growth
velocity in association with increased bone mineral density and no clinically
significant toxicity [110].

10.9 Conclusion and Future Perspectives

Skeletal stem cell (BMSCs)-based therapy for skeletal regeneration is a novel less
invasive approach that holds a great promise for replacing autologous bone
grafting. Successful preclinical and clinical studies support the regenerative
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capacity of BMSCs for skeletal repair via both autocrine and paracrine effects.
Clinical data from randomized studies demonstrated the safety and in some cased
the ability of BMSC for enhancing bone tissue regeneration. In this context, the
developing of osteo-conductive/inductive biodegradable micro-/nanospheres can
provide adult stem cells on their biomimetic surface, with efficient 3D microenvi-
ronment enriched with growth factors. Also, engineering biomaterial with
improved chemical and physical structures to prolong growth factors release can
enhance the MSCs proliferation and differentiation for efficient therapy. Because of
their cellular and functional heterogeneity, the regenerative capacity of transplanted
MSCs can be enhanced by selecting for homogenous BMSCs with bone forming
capacity. Finally, understanding the regulatory mechanisms controlling the prolif-
eration, differentiation, and migration of BMSCs is highly relevant for their use in
therapy.
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Chapter 11
Neural Crest Stem Cells: A Therapeutic Hope
Machine for Neural Regeneration

Ahmed El-Hashash

11.1 Introduction

The neural crest cells (NCCs) were described for the first time by the Wilheim His,
a Swiss embryologist, in 1868 as a population of cells that localize between the
dorsal ectoderm and the neural tube in vertebrate during embryogenesis. NCCs are
specifically localized to the dorsal margins of the closing neural folds during
neurulation in vertebrates. Signaling interactions between the surface ectoderm
and the neural plate induce NCC delamination through an epithelial-to-mesenchy-
mal transition, followed by an extensive migration to different locations in the
embryos, where they differentiate into different types of tissues, including the
craniofacial skeleton and the peripheral nervous system (PNS) [1].

There are four NCC derivatives: the cranial NC, cardiac NC, vagal NC, and
trunk NC. These four derivatives originate from different segments of the neuraxis
and differentiate into different cell types. The cranial NC gives rise to smooth
muscles, connective tissues, nerve ganglia, and pigment cells as well as the carti-
lages and bones of the head and face (Fig. 11.1). The cardiac NC plays an important
role in the heart formation because it gives rise to aorticopulmonary septum and
conotruncal cushions, while the vagal NC differentiates into enteric ganglia of the
gut. In addition, the trunk NC differentiates into neurons and glia, secretory cells of
the endocrine system and pigment cells of the skin as well as parts of the PNS [2—
7]. Embryonic neural crest cells characteristically express several genetic markers,
including FGF and SHH signaling elements (Fig. 11.2)
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Fig. 11.1 Development of the craniofacial primordia. (a—d) Representations of frontal views of
mouse embryos showing the prominences that give rise to the main face structures. The fronto-
nasal prominence (pink) gives rise to the forehead (a), the middle of the nose (b), the philtrum of
the upper lip (c), and the primary palate (d), whereas the lateral nasal prominence (blue) forms the
sides of the nose (b, d). The NCC derived maxillo-mandibular (of the first branchial arch)
prominences (green) give rise to the lower jaw (specifically from the mandibular prominences),
to the sides of the middle and lower face, to lateral borders of the lips, and to the secondary palate
(from the maxillary prominences). Adapted from Tapadia et al. [108]

11.2 The Multipotency of NCCs

Intensive studies have been carried out in the last decade on the multipotentiality
and self-renewal capacities of NCCs. However, several caveats still remain, and
deserve more investigations, including the description of the majority of NCCs as
progenitor cells rather than true stem cells because these are only generated
transiently during embryogenesis [8]. Although NCCs have the capacity to self-
renew and differentiate similar to stem cells, this capacity is more limited in
progenitor cells compared to stem cells [8].

Classical experiments investigating the multipotency of NCCs, by using vital
dyes as cell fate and lineage-tracing markers, have demonstrated that cranial NCCs
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Fig. 11.2 Strong expression of FGF8 in the NCC-derived first branchial arch, and its derivatives:
maxillary and mandibular processes (double arrows in a-b), as evidenced by in situ hybridization

give rise to mesectodermal precursors, which contribute to the formation of con-
nective tissues, cartilages and bones, as well as different other types of cells. The
later includes glia and both neuronal and melanocyte lineages. These studies have
also shown that trunk NCCs differentiate into both neuronal and nonneuronal
descendants [9, 10]. In addition, isolated individual migratory NCCs from the
visceral arches of quail embryos give rise to up to four different types of cells
[11]. Several other reports have also successfully demonstrated the multipotency of
NCCs in both avian and mouse systems [12—14].

Little is known about the molecular mechanisms and factors that sustain the
multipotency of NCCs and derivatives. However, a recent study has provided
evidences about the importance of FGF8 signaling in sustaining the progenitor
status and multipotency of cranial NCC-derived mesenchymal cells in vivo and in
culture [15]. This study has shown that augmented FGF8 signaling in pre-migratory
cranial NCCs acts to inhibit both NC cells’ differentiation by maintaining their
progenitor status in the craniofacial region during embryogenesis. This study has
further shown that Fgf8 overexpression in cranial NCC-derived mesenchymal cells
or treatment of control cells with FGF8 peptide leads to prolonged proliferation,
survival, and multipotent differentiation of these cells in vitro. FGF8 signaling also
inhibits osteogenesis, but stimulates adipogenesis of cranial NCC-derived mesen-
chymal cells in culture [15].
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11.3 Neural Crest Stem/Progenitor Cells in Various
Tissues

Neural crest-derived progenitors exist in several embryonic and adult tissues,
including embryonic and adult hearts, in which they contribute to the formation
of the aortico-pulmonary septum of the outflow tract [16-19]. Growing of pre-
sumptive cardiac NCCs that are isolated from primary neural tube explants in
culture as single-cell suspensions give rise to neurons, pigment cells, Schwann
cells, chondrocytes, and smooth muscle cells, suggesting the multipotency of these
cardiac NCCs [16]. Other studies have identified a population of multipotent NCCs
within the cardiac side population (SP) of the neonatal and adult mouse heart
[17]. These side population (SP) cells also exist in other tissue types and are
considered as mostly dormant and tissue-specific progenitors. When grown in
culture, isolated cardiac SP cells form cardiospheres, which are spheres of prolif-
erating cells that are similar to neurospheres and express markers of stem/progen-
itor cells, including nestin and musashi-1. These cardiosphere-derived cells have
the ability to differentiate accordingly in each tissue they colonized, and contribute
to heart repair after injury that offers an important therapeutic promise [17, 18].

In addition to the heart, NC progenitor cells also exist in both postnatal and adult
murine cornea as well as in the adult murine carotid body, which is an oxygen-
sensing neural organ localized to the bifurcation of the carotid artery [20-22]. A
group of cells has been identified within the CB, and can form neurospheres when
growing in culture. This group of cells has the ability to self-renew and differentiate
into neurons such as dopaminergic neurons, and SMA+ cells in vivo and in culture
[22]. The NC origin of this group of cells is confirmed by fate-mapping analysis
using Wnt1-Cre-driven recombination in mice [22]. One important advantage of
the ability of CB progenitors to differentiate into glomus cells, which are highly
dopaminergic and are used for transplantation studies in Parkinson’s disease, is the
potential implication of CB progenitors for therapeutic applications in both tissue
repair and engineering. Furthermore, the palatum of adult rats is another source of
neural crest-derived stem/progenitor cells, and its isolated cells are called palatal
NCC-related stem cells that express Sox2/Nestin neural stem cell markers as well as
NCC markers such as Sox9, Twist, p75, and Slug [23].

11.4 Neural Crest Stem Cells Derived from Pluripotent
Stem Cells

Embryonic stem cells (ESCs) represent an important source for neural crest stem
cells (NCSCs). Multipotent NC-derived cell types have been successfully isolated
from both human and murine ESCs in culture. This will facilitate and support
studies on NCSCs, particularly in human, because isolation of endogenous
populations of these cells is not feasible from human embryos. Other problems
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that face studies on NCSCs are that NC-derived multipotent progenitors isolated
from adults are rare and have restricted self-renewal capacity and multipotency,
compared to their embryonic counterparts. Studies on mouse embryos have dem-
onstrated that mouse ESCs grown in culture give rise into NC-like cells expressing
several NC markers, including Slug, Snail, dHand, and can differentiate into
neurons of the PNS [24]. Human ESCs can give rise to NC-like cells, which have
the ability to differentiate in culture into neurons, and glial cells and melanocytes
[25, 26]. However, studies on the differentiation of ESCs into NCCs face some
challenges. For instance, stromal cells that are used as supporting ESCs cells in
culture could contaminate these cells, and the ESCs—stromal cell interactions could
potentially influence ESC gene expression when growing in culture for long time.
Another challenge is that ESC proliferation and differentiation in culture occur by
growing cells in serum media that contain multiple unidentified growth factors.
These unidentified growth factors could have a potential influence on conclusions.
The problems of undefined factors in the culture medium and feeder cell-caused
contamination have been sorted out by the development of research techniques for
inducing the differentiation of mouse ESCs into NCCs in a serum-free monolayer
culture [27]. For instance, ESCs can be induced to form NCCs expressing Sox9/10,
Pax3, and Snail genetic markers, if they grow on laminin and in the presence of
growth factors such as FGF-2 and BMP-4 in the culture medium. In addition, cells
expressing markers for different cell types, including chondrocytes, osteoblasts,
neurons, and adipocytes as well as both Schwann and smooth muscle cells, can be
detected if ESCs are grown in the presence of differentiation media [27].

Another promising source for NCCs, particularly for regenerative medicine, is
induced pluripotent stem (iPS) cells. iPS cells and subsequently their NCSCs
derivatives can be derived from the patient. This can overcome major and potential
problems of histocompatibility. For instance, human iPS cells and subsequently
NCSCs have been used to generate melanocytes [28]. In addition, a recent study has
developed a method to improve the simplicity, robustness, and efficacy to induce
human NCCs from human pluripotent stem cells (hPSCs), such as human ESCs and
iPS cells [29]. In this study, authors have used chemically defined medium (CDM)
as the basal medium in the induction and maintenance steps. They efficiently
induced human NCCs (70-80 %) from human PSCs by using a combination of
both TGFp and GSK3p inhibitors, and with a minimum growth factor (insulin) in
the culture medium. The induced human NCCs characteristically express genetic
markers of cranial NCCs, and stably proliferate in CDM medium that is
supplemented with FGF2/EGF up to at least ten passages, as well as have the
ability to differentiate into melanocytes, glia, corneal endothelial cells, and periph-
eral neurons [29].
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11.5 Stem Cells and Neural Differentiation

In the adult organism, stem cells are enriched in organs and tissues that are
characterized with a high cell turnover, including the skin and the hematopoietic
bone marrow, where they are essential for renewing differentiated cell pools. Stem
cells represent a great hope for the treatment of different human diseases. However,
intensive research is still needed to overcome several obstacles that face the
application of stem cell-based therapy in human diseases, including how to control
stem cell physiology and their long-term safety. Another challenge that causes a
delay of the clinical use of stem cells is the need for highly accessible tissue sources
that can provide a sufficient amount of stem cells for different clinical applications,
including autologous cell therapies [30-32]. Therefore, the discovery of new
sources of human stem cells, in addition to understanding factors and mechanisms
that control stem cell differentiation as well as evaluation of stem cell safety in vivo
should be hot topics of research before the clinical use of stem cells becomes
generalized.

Nerve regeneration represents one of the most demanding area for stem cell
applications because of the current lack of effective therapy and treatment for many
destructed nerve tissue-related conditions or diseases, including amyotrophic lat-
eral sclerosis, both Alzheimer’s and Parkinson’s diseases, as well as spinal cord
injury. A major medical challenge nowadays is how to regenerate the complex
pattern of neuronal circuitry that forms the central nervous system (CNS) in an
adult human. Another difficulty for an effective regeneration of nerve tissues is the
accumulation of glial cells around a destroyed nerve tissue in order to form a fibrous
glial scar.

This scar acts to suppress the penetration of growing nerve fibers and, conse-
quently, prevents the reinnervation of the affected area [33]. Research works are
being currently undertaken to sort out the problem of the glial scar in order to
facilitate the penetration of growing nerve fibers. This includes glial cell transplan-
tation in primates and rodents from the olfactory bulb that leads to a successful and
functional recovery of spinal cord injury in these animal models [34, 35]. Despite
its success in animal models of spinal cord injury, translation of this type of
regenerative approaches to the clinic with human patients will require devising of
more efficient research methods to provide a sufficient stem cell number for the
treatment of human diseases/ disorders.

There are two major locations for neural stem cells (NSCs) in the adult human
body: the subventricular zone of the lateral ventricles and the subgranular zone of
the dentate gyrus of the hippocampus. Because both of these two areas are highly
inaccessible, the expected amount of NSCs that might be obtained from them would
be very low, which adds to the difficulties of using these cells in the autologous cell
therapy [36, 37].
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11.5.1 Mesenchymal Stem Cells as a Source of Neural Cells

Mesenchymal stem cells (MSCs) are multipotent and well-characterized human
stem cells that have a mesodermal origin and are available for cell-based therapy.
MSC:s are ideal sources for connective tissue regeneration strategies because they
are the forming precursors of most connective tissues in the body. MSCs can be
isolated from multiple source tissues, including the bone marrow, umbilical cord,
and adipose tissue [38].

Extensive studies have been carried out to generate neural cells from MSCs
because of their abundance, and availability as well as their well-established
isolation and characterization research methods [39-44]. However, transdiffer-
entiation of MSCs to neural fates still faces important challenges and problems
that need solutions before being widely accepted by the scientific community
[45, 46]. For instance, the involvement of permanent genetic manipulation of
MSCs by gene transfection in procedures of neural differentiation is undesirable
for clinical applications [47]. In addition, the weak expression level of neural
markers, which are only assessed after very short periods of several hours (after
application of neural differentiation protocols), makes these markers unreliable to
define neural transdifferentiation using these protocols [48]. Notably, the induction
of cytoskeletal shape changes and/or apoptosis in many of the currently used
protocols of neural differentiation raises a lot of doubt about whether these cells
are genuine functional neural cells [48-50]. Furthermore, there is no current
definitive evidence that shows the ability of transplanted MSCs to form functional
synapses with neurons of the host as well as to both effectively integrate and replace
neural tissues within a functional brain network.

Despite the lack of strong evidences for the transdifferentiation of mesodermal
MSCs into neurons, transplanted stem cells such as MSCs can still contribute to the
regeneration of nerve tissues by several other mechanisms. These include the
secretion of both growth factors that stimulate cell survival and angiogenesis, and
anti-inflammatory cytokines [51-54]. In addition, several studies have reported
successful ameliorations of the functional outcome in animal models of neurode-
generative diseases and brain injury after transplantation of MSC to neural tissue
[55-60].

Other stem cell sources exist in the adult human body and differentiate into
neurons, which will help in advancing both autologous and allogeneic cell thera-
pies. For instance, a recent study has compared the ability of CNS progenitors and
enteric nervous system (ENS) progenitors to colonize the colon and differentiate
into neurons [61]. They transplanted both progenitor cell populations in the post-
natal colon of mice in vivo for 4 weeks before the analysis of cell migration and
differentiation. They found that ENS-derived progenitors migrate further than
CNS-derived cells, and also give rise to more neurons than their CNS-derived
counterparts, suggesting that ENS-derived progenitors show superior migration,
proliferation, and neuronal differentiation, compared with CNS progenitors within
the gut environment [61].
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11.5.2 Neural Differentiation of Adult (Somatic) Stem Cells
and Pluripotent Stem Cells

ESCs are a major source for NSCs that can potentially be used in both cell therapy
of neurodegenerative disorders/ diseases and drug screening. However, the appli-
cations of NCSCs that are derived from ESCs in these diseases/disorders are limited
because of several ethical and practical considerations. Somatic stem cells represent
an excellent alternative source. For instance, a study from Barbara Kaltschmidt’s
laboratory [62] has shown that somatic stem cells that were isolated from the human
periodontium could be propagated as neurospheres in serum-free medium that
underscores their cranial neural crest cell origin. This study has further shown
that somatic stem cells grown in a serum-free culture medium, and in the presence
of two growth factors, fibroblast growth factor-2 (FGF-2) and epidermal growth
factor (EGF), give rise to a large number of nestin-positive/Sox-2-positive NCSCs,
which are proliferative and migrate in response to chemokines [62].

iPS cells are another promising source for neurons. Several research laboratories
have addressed questions about the potential direction of the differentiation of
human induced pluripotent stem cells to form functional postmitotic neurons. For
instance, a study from Lowry’s laboratory [63] at University of California Los
Angeles has applied the research methods used to generate motor neurons from
human embryonic stem cells on human induced pluripotent stem cells. They found
that human induced pluripotent stem cells have also the ability to differentiate into
motor neurons, which possess prototypical electrophysiological properties, with an
efficiency that is similar to human embryonic stem cells [63].

A research study by Hu and collaborators [64] has directly compared the neural
differentiation capacity of human induced pluripotent stem cells versus human
embryonic stem cells. This study has shown that human induced pluripotent stem
cells use the same transcriptional network to generate both neuroepithelia and
functionally appropriate neuronal types over the same developmental time course
as human embryonic stem cells, and in response to the same set of morphogens.
Human induced pluripotent stem cells, however, do these biological processes with
significantly reduced efficiency and increased variability [64].

11.6 Neural Crest Stem Cells and Neural Regeneration

Finding new sources of stem cells for the repair and regeneration of nervous system
is of a great hope for patients with neurodegenerative diseases/disorders, spinal
cord injury, and stroke. However, the shortage of endogenous sources of NSCs in
the adult body represents a major challenge for designing cell-based therapy for
these diseases and injuries. NCSCs are recent emerging sources for different neural
cell types. For instance, several studies have shown that hair follicle-derived
NCSCs can differentiate to Schwann cells, neurons, and melanocytes, as well as
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contribute to the repair and regeneration of injured peripheral nerve by tissue
engineering [65—70]. Skin-derived precursor cells, which are NCSCs, can also
give rise to a Schwann cell-like phenotype through in vitro differentiation tech-
niques, and are capable of myelination as well as facilitating the recovery of a focal
demyelination injury [71]. Moreover, Sakaue and Sieber-Blum [72] have recently
shown that ex vivo expansion of human epidermal neural crest stem cells (hEPI-
NCSC) isolated from hair bulge explants, manipulating the WNT, sonic hedgehog
and TGF signaling pathways, and exposure of the cells to pertinent growth factors
lead to the formation of highly pure populations of human Schwann cells from
hEPI-NCSC, without the need for genetic manipulation.

In addition, a recent research has implanted the boundary cap, which is a
transient group of NCSCs located at the presumptive dorsal root transitional zone
when sensory axons enter the spinal cord during development, at the site of dorsal
root avulsion injury in adult rodents. This study has provided evidences that
implanted NCSCs display remarkable differentiation plasticity inside the spinal
cord and give rise to different types of neurons and glia [73].

11.6.1 Neural Crest-Derived Ectomesenchymal Stem Cells
in Neural Regeneration

Neural crest-derived ectomesenchymal stem cells (EMSCs) are one of several stem
cell sources that exist in the adult human body, and are important for cell therapies
of different diseases. EMSCs are mesenchymal cells derived from the neural crest
during embryogenesis, and contribute to the formation of most of craniofacial
connective tissues, including craniofacial nerves, oral muscles, tongue, bones,
and teeth [74, 75]. Additionally, a recent research has provided several evidences
that neural crest-derived cells that reside in different adult oral tissues can differ-
entiate into osteoblastic cells and, therefore, may be a useful cell source for bone
regeneration strategies [76]. Furthermore, Abe et al. [77] have successfully devel-
oped a sphere culture system to isolate NCSCs from oral mucosa. They found that
human oral mucosa stromal cells (OMSCs) form multipotent spheres, which have a
self-renewal capacity and are enriched with neural crest-derived cells, as well as
can generate ectopic bone tissue in vivo [77].

Recent studies have shown that tooth tissues are a rich source of EMSCs. Dental
EMSC:s are excellent source for neural cells because they retain a high proliferative
capacity and a neural-like phenotype in culture. They are also well preserved in
adult human body [78-80]. EMSCs are also enriched in dental pulp and
periodontium of both deciduous and permanent teeth as well as periodontal tissues.
They are essential for renewing dental pulp fibroblasts as well as for both replacing
injured odontoblastic cells, if needed, and creation of a protective layer of repara-
tive dentin [78—80]. The amount of EMSCs that can be obtained from a single tooth
piece is relatively small. However, taking into account their high capacity of
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proliferation in culture, dental tissues represent a promising source for providing
considerably sufficient amounts of EMSCs for scientific and clinical
applications [81].

Both dental and periodontal EMSCs are useful sources of regeneration of nerve
tissues because they preserve the phenotype and properties of NCCs. Since these
dental stem cells constitutively express the genetic markers that characterize neural
progenitors, even in basal culture conditions, they may preserve the intrinsic ability
of redifferentiation to nerve cells [75, 82-84].

The common theme is that dental EMSCs are more closer to nerve cells than
other types of stem cells, such as mesodermal MSCs that do not constitutively
express neural-progenitor protein markers. This is mostly because of the common
embryonic origin of dental EMSCs with the PNS, which led to the conclusion that
EMSCs are more capable than other types of stem cells to genuinely differentiate
into neural and glial cells, if they grow under the appropriate conditions [75, 85].

11.6.2 Dental and Periodontal Neural Crest Stem Cells
in Neural Regeneration

Neuroregenerative medicine is a growing field that aims for the regeneration of lost
tissues or cells due to a neurodegenerative disease. Since the available replacement
alternatives for neural regeneration are very limited, stem cells are an important
source for neural regeneration/neuroregenerative medicine. However, the ethical
considerations, limited cellular potency, and technical difficulties represent a major
challenge for using different types of stem cells, including ESCs, iPS cells, and
MSCs in neuroregenerative medicine. Several recent studies have made major
advances in neural regeneration using neural crest-derived stem cells. For instance,
Fortino et al. [86] have successfully induced periodontal ligament stem cells
(PDLSCs) derived from the neural crest into neural-like cells using a short and
simple research method, thus making it easy for other neuroregenerative medicine
researchers to obtain neural-like cells from PDLSC. In this research, the neuro-
induction treatment included growing PDLSCs in culture for 8 days in the presence
of EGF and bFGF growth factors in the culture medium [86]. Moreover, a recent
study has provided evidences that in response to the neuronal inductive stimuli,
dental pulp stem cells (DPSCs) cease proliferation and acquire a phenotype resem-
bling mature neurons in dopaminergic and motor neuronal inductive media
[87]. DPSCs may, therefore, represent an alternative source of stem cells for
therapy-based treatments of neuronal disorders and injuries [87]. Furthermore,
adult DPSCs that are isolated from third molars have the capability to differentiate
into keratocytes, cells of the corneal stoma, and, therefore, are a new cellular source
for corneal stromal regeneration [88].

In addition, another recent study has evaluated the effects of the combination
of low-intensity pulsed ultrasound (LIPUS) and induced pluripotent stem
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cells-derived neural crest stem cells (iPSCs-NCSCs) on the regeneration of rat
transected sciatic nerve in vivo [89]. The authors of this study have provided
evidences that combination of LIPUS with iPSCs-NCSCs promote the regeneration
and reconstruction of rat transected sciatic nerve and, therefore, is an efficient and
cost-effective method for peripheral nerve regeneration [89].

Since they have a common origin with the nervous system, dental EMSCs are
also excellent candidates for generation of neural cells/tissues for cellular therapy
and applications in neuroregenerative medicine, ischemic stroke, and spinal cord
trauma. These adult dental EMSCs, and their similar NCSC types in other adult
human tissues, including the hair follicles and skin, are currently largely considered
as a very convenient autologous stem cell source for neural repair and regeneration
because of their apparent safety and easy accessibility.

When compared with other stem cell types, such as bone marrow MSCs, dental
EMSCs are characterized by a high proliferation rate and, therefore, their
populations can be easily expanded in a few weeks in culture [78, 84]. Other
NCSC types, including those derived from the skin, have similar characteristics
of high proliferative and expansion rates in culture [90, 91]. These characters are
critical for using dental EMSCs for neural repair and regeneration because millions
of transplanted cells are needed to repair specific damages, depending on the lesion
size/volume. Dental tissues have been partly neglected in the past because they are
not abundant sources for the isolation of stem cells [81].

Isolation of stem cells such as dental EMSCs from adult tissues is important for
cell therapy of neural diseases/disorders. This is because it would help to obtain an
autologous stem cell population, which would minimize any chance of immune
rejection after transplantation [81]. Because of the extraordinary immune sensitiv-
ity of CNS, it is critical to use autologous, or patient specific cells rather than
allogeneic cells from compatible human donors, when devising a cell therapy
protocol for CNS repair/regeneration [81].

Devising innovative strategies for neural regeneration in human patients with
neural damages in the brain or spinal cord is currently facing a big challenge
because of the scarceness and non-accessibility of endogenous NSC sources in
the human. NCSCs derived from dental or skin tissues are more reliable than other
stem cell types for autologous cell neurotherapy, transplantation to nerve tissue, and
neural regeneration because of their ease of accessibility and extraction from
patients at different ages. The later includes aged patients who my not be appro-
priate for complicated surgery that is needed to extract fat or bone marrow tissue
[85, 92-96]. The availability of dental- or skin-derived autologous NCSCs for
transplantation in damaged brain or spinal cord in human patients is of a high
social demand, and critical for recovery of the neural damages in these organs/
tissues. This is mostly because lesions in these organs/tissues are usually quite
hopeless with regard to spontaneous tissue regeneration and functional
recovery [81].

The common theme is that dental EMSCs represent a privileged source for
different neural cell types. They can be induced to differentiate into neural-like
cells that are characterized with an abundant expression of the genetic markers for



244 A. El-Hashash

neural and glial cells, even in basal conditions and in the absence of any genetic or
pharmacological manipulation in culture. Interestingly, it has been reported that
dental EMSCs grown in culture exhibit neuron-like electrical activity that is
characterized by the generation of action potentials as well as the expression of
functional neurotransmitter receptors [85, 97]. Additionally, several studies that
transplant exogenous dental EMSCs in experimental animals have demonstrated
that transplanted EMSCs can survive, integrate, and adopt a neural phenotype
according to their specific CNS or PNS location [84, 98, 99]. These dental
EMSCs are able to secrete chemokines and neurotrophins as well as other types
of paracrine factors, which are critical for the immunomodulation and survival of
neighboring cells [100-102]. Furthermore, other reports have provided evidences
of damage recovery in animal models of central or peripheral nervous system injury
using dental and skin-derived NCSC engraftments, suggesting a promising treat-
ment for severe and complicated neural disorders/diseases that include brain and
spinal cord trauma, neurodegenerative diseases, and stroke [92, 93, 103-107].

11.7 Concluding Remarks and Future Directions

Neural crest-derived cells are considered to be stem cells that are useful for
regenerative medicine strategies. Neural crest stem/progenitor cells exhibit both
self-renewing capacity and multipotency, and can be isolated at embryonic stages.
These cells can also be isolated from adult tissues that are easily accessible such as
the adult skin. This is of a great importance because it will help to avoid the ethical
issues of human embryonic stem cells, and both the ethical concerns and the
immune rejection of foreign transplants. However, more in vivo studies are still
needed to better understand the interactions between the transplanted NCSCs and
different tissue environments. In addition, NCSCs can be derived from human
embryonic stem cells, which can act as an additional and rich source for NCCs
that can help to avoid the limitation of NCC quantity isolated from a single
individual. However, the use of human embryonic stem cells as a source for neural
crest stem/progenitor cells is still a controversial matter.

Human adult teeth and periodontium are emerging and rich sources for plurip-
otent NCSC populations, which are easily accessible and have several advantages
that make them great candidates for clinical use, including their high proliferative
capacity and multilineage differentiation potential as well as lack of both oncogenic
potential and ethical concerns. Additionally, dental NCSCs are most suitable source
for autologous cell therapies because of their ease isolation that does not require
making a large tissue biopsy.

In addition to their current tests in different strategies for tooth/oral tissue
regenerations, dental NCSCs can be widely used for repair and regeneration of
neural tissues. NCSCs from dental or non-dental tissues can differentiate into neural
and glial cells, as evidenced by their expression of neural/glial cell genetic markers.
Current researches show successful results for using transplanted dental or



11 Neural Crest Stem Cells: A Therapeutic Hope Machine for Neural Regeneration 245

non-dental NCSCs in neural regeneration that eventually leads to functional
improvement in experimental animal models of brain, spinal cord, and nerve injury
therapy. However, more studies are still needed to further highlight the importance
of dental NCSCs as a source of neural cells that can be used for clinical cell therapy
in human patients. Since the mechanisms of tissue repair/regeneration are appar-
ently more complex and diverse than a differentiation to neurons/glia and subse-
quent replacement of damaged cells, more researches are also still needed to better
understand how stem cells such as NCSCs can induce healing processes.

Recent studies have successfully derived neural crest stem/progenitor cells from
ESCs. However, more researches on ESC-derived neural crest stem/progenitor cells
are still needed to assess the capacity of these stem/progenitor cells to give rise to
fully differentiated and functional cell types, particularly in vivo, using several
genetic markers that can demonstrate the differentiation of these cells into specific
cell types.

Finally, it is critical to carefully grow NCSCs in vitro for cell-based therapy as
well as to validate the results that are obtained through in vitro cell culture in an
in vivo animal model. This is of a particular importance in the view of several
studies that have reported that NCSCs develop chromosomal aberrations and show
downregulation of tumor-suppressor genes after several passages in culture. There-
fore, it will be essential to determine the long-term stability and safety as well as
both differentiation capacity and functionality of NCSCs in culture, particularly
because the growth of these cells in culture is critical for their potential use in cell-
based therapy and regenerative medicine.
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Chapter 12
Lung Stem Cells and Their Use for Patient
Care: Are We There Yet?

Ahmed E. Hegab and Tomoko Betsuyaku

12.1 Introduction

Some organs require a very large “surface” for the active metabolic exchange of
gases, nutrients, ions, chemicals, or water. To reduce the size of the organ, the
surfaces have to be packed and folded by employing a branched morphology, thus
obtaining a greater area of active surface with limited transport distance. Organs
with this branched morphology include the lung, kidney, and salivary and mam-
mary glands. However, this branched morphology produces a complex organ with
several anatomical and functional compartments and regions [1, 2]. In the lung, the
airways, arteries, and veins form an inverted tree-like structure. Functionally, the
proximal “trunks” of the airway tree conduct the air in and out, while the distal
“leaves,” the alveolar units, provides the ultrathin enormous surface area required
for efficient gas exchange. Another feature of the lung that adds to its unique
complexity is that it is the only organ in the body that is continuously exposed to
the external environment, exchanging substances with it through the very delicate
alveolar epithelium. In normal healthy adult lungs, the epithelium lining the
airways and alveoli has a very slow turnover. However, when this epithelium is
injured, in most cases, it shows a great repair potential. This potential to repair
damages to the lung indicates the presence of multiple efficient stem cells in each
and every compartment of this complex organ. The identities of these stem cells
have been markedly delineated over the past several years [3, 4]. This has opened
the door for a whole new and wide area of research on using lung stem cells
in translational and clinical experiments to improve patient care and cure lung
formidable diseases.
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12.2 Stem Cells of the Lung

Most of our knowledge regarding lung stem cells has been obtained from studying
mice and to a lesser extent rats. However, there are some critical differences
between the human and rodent lungs that we need to be aware of when interpreting
animal data in relation to humans. Humans have more extensive submucosal glands
(SMG) than mice, which extends from the trachea submucosa down to the bronchi.
In mice, SMGs are restricted to the uppermost part of the trachea. Furthermore, the
epithelial cellular lining of the conducting airways in humans is much more
complex than in mice. In humans, it is pseudostratified columnar consisting of
basal, secretory, and ciliated cells throughout the bronchi, while in rodents, the
pseudostratified columnar epithelium is restricted to the trachea while the rest of the
conducting airways are lined with club and ciliated cells (no basal cells) forming a
simple columnar epithelium [5].

12.2.1 Lung Stem Cells; Few or Many?

In 2001, two studies described the detection of label-retaining cells (LRCs) in
several distinctive areas of the airways. These were scattered cells within the
SMG ducts, a few basal cells in the trachea intercartilaginous regions, and some
club cells in the intrapulmonary airways in the vicinity of the neuroendocrine cells
[6, 7]. Recently, there is accumulating evidence that there are two categories of
stem cells in the lung, “dedicated” and “facultative” stem cells. “Dedicated” stem
cells are few in number, quiescent and mostly undifferentiated, and are represented
by the LRCs or other yet to be identified cells. “Facultative” stem cells exist in large
numbers, and under normal conditions, they have additional functions apart from
just being a stem cell. The facultative stem cells are most likely to be responsible for
the maintenance of the various lung compartments during the slow turnover in
homeostasis and for repairing mild and/or limited injury/damage. When the lung is
severely and/or extensively damaged, the majority of the facultative stem cells are
lost, and the few quiescent dedicated stem cells are called into action. They
proliferate rapidly and differentiate to replace all the cells in the damaged area,
restoring normal lung architecture and function within a few weeks [8, 9].

Although we know that these LCRs exist, we unfortunately do not have enough
information on them to specify if they are the “dedicated” stem cells of the airways
or not. New technologies are needed to isolate and characterize these cells in order
to identify their role in healing the airways after various injuries. The well-
characterized facultative stem cells of the lung are basal, club, and alveolar type
II (ATII) cells (see Fig. 12.1).
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Fig. 12.1 Schematic showing the various lung epithelial and stem/progenitor cells. Cells with
established stem cell role are in red boxes. Intermediate cells require more characterization to
identify their exact role in health and diseases (dotted red box)

12.2.2 Basal Cells

Basal cells of the proximal airways (as well as basal cells of the skin, esophagus,
and several other tissues) are identified based on their basal position and the
expression of several markers including Trp-63 (p63), cytokeratins (K)5 (occasion-
ally K14), as well as Nerve Growth Factor Receptor (NGFR), integrin alpha
6 (ITGAO), integrin beta 6 (ITGB4) and CD44 [10-12]. The current understanding
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is that basal cells are the main stem cells of the proximal airway. They slowly self-
renew and differentiate into both club and ciliated cells during homeostasis. When
the airways are exposed to an injury that spares some basal cells, these surviving
basal cells undergo several cycles of rapid proliferation followed by remodeling
and differentiation into secretory and ciliated cells, eventually regaining the normal
structure and function of the airways [12—14]. A recent report suggested that mouse
tracheal basal cells comprise two populations, a basal “stem cells” and a basal
“luminal precursors”. The basal stem cells maintain the epithelium during homeo-
stasis by both self-renewal and differentiation into morphologically indistinguish-
able basal luminal precursors. These basal luminal precursors are widespread and
relatively long-lived. They eventually differentiate into secretory cells [15]. Club
cells of the proximal airways possess a limited ability to proliferate and differen-
tiate into ciliated cells but their main source is differentiation from the basal cells
[15]. It was recently reported, however, that a severe injury that depletes most of the
basal cells can induce club cells to “de-differentiate” into basal cells, then prolif-
erate and repair the damaged epithelium [16] (see Fig. 12.1).

12.2.3 Intermediate Cells

Recently, some data were published describing early progenitor cells that appear as
intermediate cells during basal cell transition/differentiation into club or ciliated
cells. These are marked by the expression of the transcription factor Myb in both
mouse and human. Their importance comes from the finding that their numbers
seem to increase in several lung pathologies including COPD and some cancers
[17, 18]. Further characterization of their function and factors controlling their
differentiation might provide insight into their potential role in health and disease.

12.2.4 SMGs Duct Cells

Compared to airway basal and secretory cells, our knowledge regarding how SMGs
are maintained and the role of stem cells in their health and disease is limited.
Hegab et al. have published several papers that identified that the cells residing at
the SMG ducts are the main stem cells of the glands [10, 11, 14, 19] (see Fig. 12.1).
They showed some evidence, similar to what Borthwick et al. showed before [7],
that the cells at the SMG duct may contribute to the repair of the trachea surface
epithelium, although this requires further confirmation. Several lung diseases like
chronic bronchitis, asthma, and cystic fibrosis are characterized by SMG hyperpla-
sia and the change in the amount, viscosity, and character of SMG secretion. Better
understanding of SMG stem cells and factors that induce their hyperplasia should
help advise new therapies for these pathological conditions.
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12.2.5 Club and Variant Club Cells

The distal mouse airways are lined with simple columnar epithelium, which
consists mainly of club and ciliated cells with a few serous and neuroendocrine
cells. The current understanding is that all club cells possess an equal power to self-
renew and to differentiate into ciliated cells [20] (see Fig. 12.1). However, when the
airways are exposed to chemical injury with naphthalene, most of the club cells are
depleted and only a few club cells survive. As these cells are located in a specific
location, close to the neuroendocrine bodies and the bronchoalveolar duct junction,
they were termed variant club cells [21]. These surviving cells rapidly expand and
regenerate the damaged epithelium, differentiating into club and ciliated cells
[20, 21]. Interestingly, LRCs comprised a subset of these variant club cells,
which confirms them as the very slowly cycling stem cells of this location
[6, 7]. These variant club cells do not express cytochrome p450 and express
lower Scgblal and higher Scgb3a2 compared to the rest of the club cells [22]. Sim-
ilar to the proximal airway club cells that could, under extreme conditions,
de-differentiate into basal-like cells, the distal airway club cells have also been
shown to be able to differentiate into alveolar cells in response to severe injury to
the alveoli with bleomycin and influenza [23], although their percentage of contri-
bution to the repaired alveoli is thought to be limited.

12.2.6 Stem Cells of the Lung Parenchyma

Evidence has accumulated over the years that ATII cells are the main stem cells of
the lung parenchymal epithelium. They self-renew and differentiate into ATI cells
under homeostatic and various injuries [24-26]. All ATII cells were considered to
have equal potency but recent single cell clonal analysis employing lineage tracing
with multicolor, stochastic examination revealed that only some ATII cells self-
renew and differentiate into ATI cells forming “renewal foci,” which continue to
expand over the life span of a mouse in spite of the presence of other ATII cells
nearby, which do not undergo similar foci formation [27]. The question of whether
all ATII cells are equal or whether some of them are more stem than others is still
debatable [28]. Interestingly, ATI cells showed a previously unknown degree of
plasticity by proliferating and “de-differentiating” into ATII cells during lung
growth seen after partial pneumonectomy [29].

Recently, two groups published results suggesting the presence of another rare
multipotent stem cell group residing in the distal lung, other than ATII cells. One
group infected mouse lungs with the HINT1 influenza virus, and detected p63"K5"*
cell clusters in the damaged areas. These eventually differentiated into alveolar
cells and thus, they were termed distal airway stem cells (DASC) [30]. The other
group injured the lung with bleomycin and showed that the alveolar cells in the
fibrotic areas were not derived from preexisting ATII cells but probably from rare
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surfactant protein C (SPC) negative cells that were marked by the expression of
ITGAG6 and ITGB4, termed lineage negative epithelial progenitor cells (LNEP)
[31]. Interestingly, p63, KS, ITGA6, and ITGB4 are all markers of the proximal
airway basal cells, which are not known to reside in the distal lung. Both groups
showed evidence that these cells possess multipotent differentiation potential
towards both airway and alveolar lineages [30, 31]. Both groups then concomitantly
but independently published follow-up studies that suggested that both DASC and
LNEP are the same cell, or more specifically, that LNEP are more upstream
multipotent cells that undergo a dynamic switch into DASC, which proliferate
extensively in response to major lung damage [32, 33] (see Fig. 12.1). More
extensive studies of this new distal lung multipotent stem cell population will
enable us to understand how the lung repairs (or fails to repair) after severe damage
like those seen in acute respiratory distress syndrome or other forms of acute lung
injury.

12.3 Potential Clinical Applications Using Lung Stem Cells

Cell therapy is a type of therapy in which cells are administered to a patient with the
purpose of treating a condition or helping a tissue to repair. Tissue engineering is
the use of a combination of cells and an engineered natural or synthetic material to
make a tissue or organ with the purpose of implanting it into a recipient to improve
or replace deficient biological functions. Over the past 10 years, many groups have
tried to use stem cells both for cell therapy and for the creation of engineered lung
tissues, in the hope of eventually obtaining clinical benefits (see Fig. 12.2).

12.3.1 Cell Therapy

The most common pathological conditions affecting the upper airway epithelium
are self-limiting viral or bacterial infections, or mild injuries caused by environ-
mental pollution and smoke. In most cases, the airway epithelium is capable of
efficient repair and only supportive treatment is required. However, chronic injury,
such as those seen in heavy smokers, can result in aberrant airway epithelial repair,
premalignant lesions, or progress to lung cancer.

More severe acute and massive injuries like smoke inhalation injury seen in burn
patients or inhalation of industrial or warfare chemicals are known to massively
injure the airway epithelium and result in major morbidity and mortality. The
morbidity and mortality in these situations is usually a result of damage and
ulceration of the airway epithelial lining, which results in intraluminal transudation
of protein-rich liquid and/or bleeding, which later solidify and obstruct the airways
and interfere with repair. The current main treatment procedures for such conditions
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Fig. 12.2 Diagram summarizing the current effort to achieve clinical applications of the lung
stem cells. MSCs mesenchymal stem cells, HSCs hematopoietic stem cells, iPSCs induced
pluripotent stem cells

are appropriate ventilator support, vigorous bronchial cleaning to clear the cellular
debris and/or blood; in addition to guarding against respiratory tract infections [34].

Obviously, this treatment protocol relies on the surviving “stem” cells to
reepithelialize the denuded airways and restore the appropriate mucociliary esca-
lator and fluid control. The idea of using “cell therapy” to treat various types of
acute lung injury to aid endogenous stem cell repair is an attractive one that has
many proponents.

Several early studies reported that different types of cells including hematopoi-
etic stem cells, mesenchymal stem cells (MSC), and lung progenitor cells could
engraft into the lung epithelium, endothelium, or interstitial tissues in mice after
intratracheal or parental administration of cells [35]. However, later studies that
used more sophisticated microscopic and analysis techniques reported that the
degree of such engraftment is much less than what had been described previously
[36-39]. Also, systemic administration of endothelial progenitor cells have been
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used to treat lung disease models like pulmonary hypertension in experimental
animals although the contribution of engrafted cells versus induction of native
recipient angiogenesis due to a paracrine effect of the transplanted cells remains
controversial [40, 41]. Importantly, regardless of mechanisms, consistent functional
improvement in pulmonary pressure had been observed and accordingly several
clinical trials have been initiated [42, 43].

12.3.1.1 The Promise of Using Pluripotent and Tissue Stem Cells
in Lung Cell Therapy

Pluripotent stem-cell biology is now a flourishing research area. The ability to
create an embryonic stem cells (ESCs)-like cells from human body cells, the
induced pluripotent stem cells (iPSCs), has made the idea of autologous cell therapy
a reasonable dream. This dream will come true when we can rapidly generate the
patient’s own iPSCs, differentiate them into a pure and specific epithelial stem
(or differentiated) airway cell population, and then use them in cell therapy. Several
groups have tried to differentiate and characterize lung epithelial cells from ESCs
or iPSCs with increasing success [44—47], but the purity and functional maturity of
the differentiated cells remains a concern, along with the reproducibility of the
protocols. Even when using these cells with unconfirmed purity and functional
maturity, some reports showed improvements in animal models of acute lung injury
[48] and lung fibrosis [49].

Another candidate cell type to regenerate an injured airway epithelium could
potentially be the lung’s own endogenous epithelial stem cells. For future human
clinical applications, this may involve obtaining autologous airway epithelial stem
cells from the injured patient, expanding them in vitro and then delivering them and
facilitating their engraftment in the airway epithelium. However, our knowledge
regarding human adult lung stem cells types, characteristics, isolation methods and
methods for their expansion and activation in vitro are still very limited. Further-
more, the route of administration (intratracheal vs. systemic), the type of cells to use
(epithelial, endothelial, or mesenchymal), their numbers, and any expansion and
conditioning in vitro prior to administration are areas yet to be explored [50]. More
research is needed to develop more efficient and rapid protocols for differentiating
ESCs and iPSCs into the different lung epithelial cellular subtypes in large num-
bers, with purity and functional maturity. Further work is then needed to find the
conditions that can enable these cells to engraft and repair acute airway epithelial
injuries in animal preclinical models.

12.3.2 Tissue Engineering of the Proximal Airway

Another potential clinical application of the upper airway stem cells is the con-
struction of a bioengineered tracheal/bronchial replacement for patients with
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congenital or acquired stenosis/atresia or to replace a surgically resected airway
(see Fig. 12.2). Early experimental models using decellularized tracheal/bronchial
allografts or synthetic scaffolds relied on the recipients stem cells from the airway
portions, proximal and distal to the graft to invade the graft and recellularize it. The
graft required about 2 months for epithelial regeneration [51]. Seeding the scaffold
with autologous adipose-derived mesenchymal-like stem cells shortened the time
of neovascularization and epithelialization from 2 months down to 2 weeks
[52]. The efficiency of the scaffold was improved further by seeding it with
autologous expanded chondrocytes [53], iPSC-derived chondrocytes [54], or a
combination of chondrocytes and mesenchymal-like stem cells [55]. Experiments
and clinical trials to obtain a synthetic scaffold seeded with the “perfect” combi-
nation of chondrocytes, fibroblasts (or MSCs), and epithelial (stem) cells to produce
a bioengineered proximal airway patch or tube are currently underway [56]. Overall,
a critical step in improving all of our bioengineering strategies involves obtaining a
better understanding of tracheal epithelial stem cells and their interactions with the
niche in order to improve the efficiency and efficacy of airway transplantation.

12.3.3 Tissue Engineering of the Lung

Currently, lung transplantation is the only treatment available for patients with
end-stage lung disease refractory to other forms of treatments. Over the past
25 years, lung transplantation has improved survival and enhanced the quality of
life of many of these patients. However, the shortage of suitable donor organs has
resulted in the growing number of patients on the waiting list, causing many of them
to die before transplantation [57]. Therefore, tissue engineering of lung segments
that are suitable for transplantation is a major hope for the growing number of lung
patients.

The distal lung units are both anatomically and functionally much more complex
than the trachea or the bronchus. To transplant a functional bioengineered lung
segment, lobe or whole lung, a combination of multiple properties needs to be
achieved. These include a non-leaking anastomosis of both the vascular and air
components with the rest of the circulatory and respiratory systems, an optimum
viscoelastic property, a thin alveolar capillary membrane over an extensive surface
area, and the correct population of cells in the right position and quantity. Currently,
unlike the major advances achieved in creating a synthetic scaffold for the trachea,
no satisfactory lung scaffold has been created, and thus most researchers have opted
for the use of decellularized lungs as the starting scaffold. The optimum
decellularized lung should maintain relative similarity to the normal lung elasticity,
retain most of the normal lung matrix components, retain no cellular components,
be sterile of all microorganisms and pathogens, and when seeded with stem cells,
allow these cells to remain viable, differentiate into the proper phenotype and
function [58]. To date, mice, rats, monkeys, pigs, and cadaveric human lungs
have been examined for decellularization [59]. The recent advances in 3D printing
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technology, which produce reproducible and stunning controls of the printed
structures, are a promising cheaper and easier-to-obtain alternative to lung
decellularization [59]. Recently, the first biofabricated human air-blood tissue
barrier analogue composed of endothelial and epithelial cell layers on either side
of a basement membrane was engineered using a bioprinter [60].

12.4 Conclusion

In spite of the enormous advances in the fields of lung stem cells and bioengineering
over the past number of years, we seem to remain years away from a widespread
clinical application of stem cell therapy for patients with lung diseases. Many
challenges remain, including the need for better characterization of lung stem
cells and their response to various types of injuries, the need for more efficient
and robust methods for differentiating ESCs and iPS cells into specific lung stem or
mature epithelial populations, in addition to having a better understanding of the
roles and interactions played by the stromal and niche cells to direct stem cell
proliferation and differentiation. The rapidly developing field of lung tissue engi-
neering offers great hope for patients with lung diseases but there are several
problems that need to be dealt with before an engineered lung can be used for
treating patients.

References

—

. Hogan BL. Morphogenesis. Cell. 1999;96(2):225-33.

2. Iber D, Menshykau D. The control of branching morphogenesis. Open Biol. 2013;3(9):130088.

3. Hogan BL, Barkauskas CE, Chapman HA, Epstein JA, Jain R, Hsia CC, et al. Repair and
regeneration of the respiratory system: complexity, plasticity, and mechanisms of lung stem
cell function. Cell Stem Cell. 2014;15(2):123-38.

4. Lau AN, Goodwin M, Kim CF, Weiss DJ. Stem cells and regenerative medicine in lung
biology and diseases. Mol Ther. 2012;20(6):1116-30.

5. Mercer RR, Russell ML, Roggli VL, Crapo JD. Cell number and distribution in human and rat
airways. Am J Respir Cell Mol Biol. 1994;10(6):613-24.

6. Hong KU, Reynolds SD, Giangreco A, Hurley CM, Stripp BR. Clara cell secretory protein-
expressing cells of the airway neuroepithelial body microenvironment include a label-
retaining subset and are critical for epithelial renewal after progenitor cell depletion. Am J
Respir Cell Mol Biol. 2001;24(6):671-81.

7. Borthwick DW, Shahbazian M, Krantz QT, Dorin JR, Randell SH. Evidence for stem-cell
niches in the tracheal epithelium. Am J Respir Cell Mol Biol. 2001;24(6):662-70.

8. Li L, Clevers H. Coexistence of quiescent and active adult stem cells in mammals. Science.
2010;327(5965):542-5.

9. Rawlins EL, Hogan BL. Epithelial stem cells of the lung: privileged few or opportunities for

many? Development. 2006;133(13):2455-65.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lung Stem Cells and Their Use for Patient Care: Are We There Yet? 261

Hegab AE, Ha VL, Gilbert JL, Zhang KX, Malkoski SP, Chon AT, et al. Novel stem/
progenitor cell population from murine tracheal submucosal gland ducts with multipotent
regenerative potential. Stem Cells. 2011;29(8):1283-93.

Hegab AE, Ha VL, Darmawan DO, Gilbert JL, Ooi AT, Attiga YS, et al. Isolation and in vitro
characterization of basal and submucosal gland duct stem/progenitor cells from human
proximal airways. Stem Cells Transl Med. 2012;1(10):719-24.

Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y. Basal cells as stem cells of the
mouse trachea and human airway epithelium. Proc Natl Acad Sci U S A. 2009;106
(31):12771-5.

Engelhardt JF, Schlossberg H, Yankaskas JR, Dudus L. Progenitor cells of the adult human
airway involved in submucosal gland development. Development. 1995;121(7):2031-46.
Hegab AE, Nickerson DW, Ha VL, Darmawan DO, Gomperts BN. Repair and regeneration of
tracheal surface epithelium and submucosal glands in a mouse model of hypoxic-ischemic
injury. Respirology. 2012;17(7):1101-13.

Watson JK, Rulands S, Wilkinson AC, Wuidart A, Ousset M, Van Keymeulen A, et al. Clonal
dynamics reveal two distinct populations of basal cells in slow-turnover airway epithelium.
Cell Rep. 2015;12(1):90-101.

Tata PR, Mou H, Pardo-Saganta A, Zhao R, Prabhu M, Law BM, et al. Dedifferentiation of
committed epithelial cells into stem cells in vivo. Nature. 2013;503(7475):218-23.

Rock JR, Gao X, Xue Y, Randell SH, Kong YY, Hogan BL. Notch-dependent differentiation
of adult airway basal stem cells. Cell Stem Cell. 2011;8(6):639-48.

Pan JH, Adair-Kirk TL, Patel AC, Huang T, Yozamp NS, Xu J, et al. Myb permits multilineage
airway epithelial cell differentiation. Stem Cells. 2014;32(12):3245-56.

Hegab AE, Ha VL, Attiga YS, Nickerson DW, Gomperts BN. Isolation of basal cells and
submucosal gland duct cells from mouse trachea. J Vis Exp. 2012;14(67):e3731.

Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H, et al. The role of Scgblal+
Clara cells in the long-term maintenance and repair of lung airway, but not alveolar, epithe-
lium. Cell Stem Cell. 2009;4(6):525-34.

Giangreco A, Reynolds SD, Stripp BR. Terminal bronchioles harbor a unique airway stem cell
population that localizes to the bronchoalveolar duct junction. Am J Pathol. 2002;161
(1):173-82.

Guha A, Vasconcelos M, Cai Y, Yoneda M, Hinds A, Qian J, et al. Neuroepithelial body
microenvironment is a niche for a distinct subset of Clara-like precursors in the developing
airways. Proc Natl Acad Sci U S A. 2012;109(31):12592-7.

Zheng D, Limmon GV, Yin L, Leung NH, Yu H, Chow VT, et al. Regeneration of alveolar
type I and II cells from Scgblal-expressing cells following severe pulmonary damage induced
by bleomycin and influenza. PLoS One. 2012;7(10):e48451.

Adamson 1Y, Bowden DH. The type 2 cell as progenitor of alveolar epithelial regeneration. A
cytodynamic study in mice after exposure to oxygen. Lab Invest. 1974;30(1):35-42.

Mason RJ, Williams MC. Type II alveolar cell. Defender of the alveolus. Am Rev Respir Dis.
1977;115(6 Pt 2):81-91.

Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, et al. Type
2 alveolar cells are stem cells in adult lung. J Clin Invest. 2013;123(7):3025-36.

Desai TJ, Brownfield DG, Krasnow MA. Alveolar progenitor and stem cells in lung develop-
ment, renewal and cancer. Nature. 2014;507(7491):190-4.

Logan CY, Desai TJ. Keeping it together: pulmonary alveoli are maintained by a hierarchy of
cellular programs. Bioessays. 2015;37(9):1028-37.

Jain R, Barkauskas CE, Takeda N, Bowie EJ, Aghajanian H, Wang Q. Plasticity of Hopx(+)
type I alveolar cells to regenerate type II cells in the lung. Nat Commun. 2015;6:6727.
Kumar PA, Hu Y, Yamamoto Y, Hoe NB, Wei TS, Mu D, et al. Distal airway stem cells yield
alveoli in vitro and during lung regeneration following HINI1 influenza infection. Cell.
2011;147(3):525-38.



262 A.E. Hegab and T. Betsuyaku

31. Chapman HA, Li X, Alexander JP, Brumwell A, Lorizio W, Tan K, et al. Integrin a6p4
identifies an adult distal lung epithelial population with regenerative potential in mice. J Clin
Invest. 2011;121(7):2855-62.

32. Zuo W, Zhang T, Wu DZ, Guan SP, Liew AA, Yamamoto Y, et al. p63(+)Krt5(+) distal airway
stem cells are essential for lung regeneration. Nature. 2015;517(7536):616-20.

33. Vaughan AE, Brumwell AN, Xi Y, Gotts JE, Brownfield DG, Treutlein B. Lineage-negative
progenitors mobilize to regenerate lung epithelium after major injury. Nature. 2015;517
(7536):621-5.

34. Rehberg S, Maybauer MO, Enkhbaatar P, Maybauer DM, Yamamoto Y, Traber
DL. Pathophysiology, management and treatment of smoke inhalation injury. Expert Rev
Respir Med. 2009;3(3):283-97.

35. Weiss DJ, Bertoncello I, Borok Z, Kim C, Panoskaltsis-Mortari A, Reynolds S, et al. Stem
cells and cell therapies in lung biology and lung diseases. Proc Am Thorac Soc.
2011;8:223-72.

36. Chang JC, Summer R, Sun X, Fitzsimmons K, Fine A. Evidence that bone marrow cells do not
contribute to the alveolar epithelium. Am J Respir Cell Mol Biol. 2005;33:335-42.

37. Kotton DN, Fabian AJ, Mulligan RC. Failure of bone marrow to reconstitute lung epithelium.
Am J Respir Cell Mol Biol. 2005;33:328-34.

38. Loi R, Beckett T, Goncz KK, Suratt BT, Weiss DJ. Limited restoration of cystic fibrosis lung
epithelium in vivo with adult bone marrow-derived cells. Am J Respir Crit Care Med.
2006;173:171-9.

39. Sueblinvong V, Loi R, Eisenhauer PL, Bernstein IM, Suratt BT, Spees JL, et al. Derivation of
lung epithelium from human cord blood-derived mesenchymal stem cells. Am J Respir Crit
Care Med. 2008;177:701-11.

40. Takahashi M, Nakamura T, Toba T, Kajiwara N, Kato H, Shimizu Y. Transplantation of
endothelial progenitor cells into the lung to alleviate pulmonary hypertension in dogs. Tissue
Eng. 2004;10:771-9.

41. Yoshida H, Kitaichi T, Urata M, Kurobe H, Kanbara T, Motoki T, et al. Syngeneic bone
marrow mononuclear cells improve pulmonary arterial hypertension through vascular endo-
thelial growth factor upregulation. Ann Thorac Surg. 2009;88:418-24.

42.Zhu YG, Hao Q, Monsel A, Feng XM, Lee JW. Adult stem cells for acute lung injury:
remaining questions and concerns. Respirology. 2013;18(5):744-56.

43. Hayes M, Curley G, Ansari B, Laffey JG. Clinical review: stem cell therapies for acute lung
injury/acute respiratory distress syndrome—hope or hype? Crit Care. 2012;16(2):205.

44. Longmire TA, Ikonomou L, Hawkins F, Christodoulou C, Cao Y, Jean JC. Efficient derivation
of purified lung and thyroid progenitors from embryonic stem cells. Cell Stem Cell. 2012;10
(4):398-411.

45. Huang SX, Islam MN, O’Neill J, Hu Z, Yang YG, Chen YW, et al. Efficient generation of lung
and airway epithelial cells from human pluripotent stem cells. Nat Biotechnol. 2014;32
(1):84-91.

46. Gomperts BN. Induction of multiciliated cells from induced pluripotent stem cells. Proc Natl
Acad Sci U S A. 2014;111(17):6120-1.

47. Ikonomou L, Kotton DN. Derivation of endodermal progenitors from pluripotent stem cells. J
Cell Physiol. 2015;230(2):246-58.

48. Wang D, Morales JE, Calame DG, Alcorn JL, Wetsel RA. Transplantation of human embry-
onic stem cell-derived alveolar epithelial type II cells abrogates acute lung injury in mice. Mol
Ther. 2010;18(3):625-34.

49. Banerjee ER, Laflamme MA, Papayannopoulou T, Kahn M, Murry CE, Henderson Jr
WR. Human embryonic stem cells differentiated to lung lineage-specific cells ameliorate
pulmonary fibrosis in a xenograft transplant mouse model. PLoS One. 2012;7(3):e33165.

50. Weiss DJ. Current status of stem cells and regenerative medicine in lung biology and diseases.
Stem Cells. 2014;32(1):16-25.



51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Lung Stem Cells and Their Use for Patient Care: Are We There Yet? 263

Murakawa T, Nakajima J, Motomura N, Murakami A, Takamoto S. Successful allotrans-
plantation of cryopreserved tracheal grafts with preservation of the pars membranacea in
nonhuman primates. J Thorac Cardiovasc Surg. 2002;123(1):153-60.

Suzuki T, Kobayashi K, Tada Y, Suzuki Y, Wada I, Nakamura T, et al. Regeneration of the
trachea using a bioengineered scaffold with adipose-derived stem cells. Ann Otol Rhinol
Laryngol. 2008;117(6):453-63.

Komura M, Komura H, Kanamori Y, Tanaka Y, Suzuki K, Sugiyama M, et al. An animal
model study for tissue-engineered trachea fabricated from a biodegradable scaffold using
chondrocytes to augment repair of tracheal stenosis. J Pediatr Surg. 2008;43(12):2141-6.
Imaizumi M, Nomoto Y, Sato Y, Sugino T, Miyake M, Wada I. Evaluation of the use of
induced pluripotent stem cells (iPSCs) for the regeneration of tracheal cartilage. Cell Trans-
plant. 2013;22(2):341-53.

Kobayashi K, Suzuki T, Nomoto Y, Tada Y, Miyake M, Hazama A, et al. A tissue-engineered
trachea derived from a framed collagen scaffold, gingival fibroblasts and adipose-derived stem
cells. Biomaterials. 2010;31(18):4855-63.

Haag JC, Jungebluth P, Macchiarini P. Tracheal replacement for primary tracheal cancer. Curr
Opin Otolaryngol Head Neck Surg. 2013;21(2):171-7.

Kotsimbos T, Williams TJ, Anderson GP. Update on lung transplantation: programmes,
patients and prospects. Eur Respir Rev. 2012;21(126):271-305.

Calle EA, Ghaedi M, Sundaram S, Sivarapatna A, Tseng MK, Niklason LE. Strategies for
whole lung tissue engineering. IEEE Trans Biomed Eng. 2014;61(5):1482-96.

Chia HN, Wu BM. Recent advances in 3D printing of biomaterials. J Biol Eng. 2015;9:4.
Horvath L, Umehara Y, Jud C, Blank F, Petri-Fink A, Rothen-Rutishauser B. Engineering an
in vitro air-blood barrier by 3D bioprinting. Sci Rep. 2015;5:7974.



Index

A
Adult stem cells (ASCs), 16
Allogeneic MSCs, 199, 200, 222
ALS. See Amyotrophic lateral sclerosis (ALS)
AMPK/mTOR pathway, 141
Amyotrophic lateral sclerosis (ALS), 85
divison of, 91
drug therapy, 96
iPSCs models, 92-95
motoneurons, selective death of, 92
pathogenesis, 94
prevalence, 91
SODI1 rodent models, 92
subtypes, 88
Angiogenesis, 180
ATII cells, 255
Australian Patents Act 1990, 11
Autologous mononuclear bone marrow cells
(BMMCs) transplantation, 224
Autologous MSCs, 199
Autologous NCSCs, 243
Autosomal dominant polycystic kidney disease
(ADPKD), 78
Autosomal recessive polycystic kidney disease
(ARPKD), 78

B
BeWo transport model, 24
Biocyte Corporation UCB Company, 160
Bone healing, 182-187, 190-194, 196-200
immune cells, 184
inflammatory phase, 181
B lymphocytes, 187
ILCs, 186

monocytes/macrophages, 183
neutrophils, 182
NK cells, 184-186
T lymphocytes, 186
MSC-immune cell interactions, 195
cytokines, 198
macrophages, 196
neutrophils, 196
NK cells, 196
T and B Lymphocytes, 197
therapeutic implications, 199, 200
remodelling phase
cytokines, 194
MSCs, 193, 194
soluble factors, 194
repair phase
growth factors, 192
macrophages, 191
MSCs, 190
T and B lymphocytes, 191
soluble factors, 185
Bone marrow mononuclear cells (MNC), 214
Bone marrow-derived DCs (BMDCs), 147
Bone marrow-derived stromal cells (hBMSCs),
214, 218-224
bone regeneration, 218
bone tissue engineering, 218-220
clinical studies, 221
craniofacial bone defects, 220-223
critical-sized segmental defects, 223
ONFH, 223-224
preclinical studies, 219
systemic transplantation, 224
in vitro expansion, 214
in vitro replicative senescence, 217

© Springer International Publishing Switzerland 2016 265
E.M. Abdelalim (ed.), Recent Advances in Stem Cells, Stem Cell Biology
and Regenerative Medicine, DOI 10.1007/978-3-319-33270-3



266

Bone marrow-derived stromal cells (hBMSCs)
(cont.)
isolation, 214
osteoblast differentiation, 216-217
phenotypic characteristics, 215
phenotypic heterogeneity, 218
therapeutic effects, 215
Bone morphogenetic proteins (BMPs), 183

C

Canadian Intellectual Property Office (CIPO),
11

Cancer pathogenesis, 131

Cancer stem cells (CSCs), 140

Cancer-derived hiPSCs, 140, 143

Cardiac NC, 233, 236

Cardiovascular (CV) toxicity test, 2627

Cerebral palsy (CP), 172-173

China’s patent law, 12

Chronic kidney disease (CKD), 69

Chronic myeloid leukemia (CML), 139

CKD. See Chronic kidney disease (CKD)

Clustered regularly interspaced short
palindromic repeats (CRISPR),
53-55

Cmyal-ESTs, 22

Cosmetics directive, 17

Court of Justice of the European Union
(CJEU), 10

Cranial NC, 233

CRISPR. See Clustered regularly interspaced
short palindromic repeats (CRISPR)

CSCs. See Cancer stem cells (CSCs)

Cyclooxygenase 2 (Cox-2) protein, 193

D

Decellularized kidneys, 80
Decellularized lung, 259

Dedicated lung stem cells, 252
Definitive endoderm (DE), 106
Dental EMSCs, 243

Dental NCSCs, 245

Dental pulp stem cells (DPSCs), 242
Designer endonucleases, 49-50
Diabetes mellitus (DM), 101
Dialysis, 69

Dickkopt-1 (DKK-1), 198
Differentiated cardiomyocytes, 19
Differentiation, 15, 103
Disease-specific iPSCs, 31

Distal airway stem cells (DASC), 255

Index

E

Ectomesenchymal stem cells (EMSCs),
241, 242

Embryoid bodies (EBs), 105

Embryonic neural crest cells, 233

Embryonic stem cells (ESCs), 16, 17, 43, 48,
70, 101, 103

Embryonic stem cell test (EST), 17

Embryotoxic chemicals, 23

Endoplasmic reticulum (ER) stress
mediators, 116

End-stage renal disease (ESRD), 69

Engineered endonucleases. See Designer
endonucleases

Epidermal growth factor (EGF), 109

ESRD. See End-stage renal disease (ESRD)

EST. See Embryonic stem cell test (EST)

Eurocord, 162

European Center for Validation of Alternative
Methods (ECVAM), 19

European Patent Convention (EPC), 10

Ewing sarcoma (EWS)-iPSCs, 142, 152

F

FACS-EST, 23

Facultative lung stem cells, 252

Familial ALS (F-ALS), 91

Food and Drug Administration (FDA), 3

Foundation for the Accreditation of Cellular
Therapy (FACT), 161

Functional genomics, 46

G
Genome editing
cell and gene therapy, 4647
designer endonucleases, 49-50
disease modeling, 44, 46
functional genomics, 46
homologous recombination efficiency,
57-59
human developmental biology, 44, 45
Genome-wide association studies (GWAS), 46
German patent law, 12
Graft-versus-host disease (GvHD), 148

H

Hand1-Luc EST, 21-22

HEDGEHOG signaling pathways, 108
HelLa cells, 1, 2

HeLa Genome Data Use Agreement, 2



Index

Hematoma, 187
Hematopoietic cell transplantation (HCT), 173
Hematopoietic progenitor cells (HPC), 159
Hepatotoxicity test, 27-30
HIV infection, 173
Human embryonic stem cells (hESCs), 2, 3
Human epidermal neural crest stem cells
(hEPI-NCSC), 241
Human induced pluripotent stem cells
(hiPSCs), 70, 81, 103, 137, 144-151
cancer
clinical applications, 137
drug screening, 144-146
immunotherapy, 146—-148
probability models, 149-151
Human parthenogenetic stem cells (hpSCs), 2
Human pluripotent stem cells (hPSCs), 43
3D kidney organoids, 76
genome editing (see Genome editing)
Human skeletal stem cells. See Bone marrow-
derived stromal cells (hBMSCs)
Hypothesis tests, 149
Hypoxanthine phosphoribosyltransferase
1 (HPRTI) gene experiments, 48
Hypoxic-ischemic encephalopathy (HIE), 172

I

In vitro embryotoxicity tests, 21

In vitro fertilization (IVF), 5, 17

Induced pluripotent stem cells (iPSCs), 2, 3,
16, 43, 46, 70, 71, 86, 101, 132, 237

genome editing (see Genome editing)
MNDs (see Motoneuron diseases (MNDs))

Induced pluripotent stem cells-derived neural
crest stem cells
(iPSCs-NCSCs), 242

Innate lymphoid cells (ILCs), 186

Insulin-secreting  cells, 103

International Council for Commonality in
Blood Banking Automation
(ICCBBA), 165

International Society of Cell Therapy (ISCT),
179, 215

International Stem Cell Corporation
(ISCoO), 11

Intramembranous healing, 195

Intramembranous repair, 180

J

Japanese patent law, 12

267

K
Kidney transplantation, 70

L
Label-retaining cells (LRCs), 252
Long noncoding RNA (IncRNA), 135
Lou Gehrig’s disease. See Amyotrophic lateral
sclerosis (ALS)
LRCs. See Label-retaining cells (LRCs)
Luciferase reporter assay, 21-22
Lung disease models, 258
Lung epithelial stem cells
ATII cells, 255
basal cells, 253-254
cell therapy, 256-258
ciliated cells, 255
clinical applications, 257
club cells, 255
human and rodent lungs, 252
intermediate cells, 254
LRCs, 252
metabolic exchange, 251
schematic diagram, 253
SMG, 254
tissue engineering, 258-260
Lung transplantation, 259

M
Mammalian nephrogenesis, 72—73
Maturity-onset diabetes of the young (MODY),
103, 117
Mesenchymal stem cells (MSCs), 16, 159, 239
Mesenchymal stromal cells (MSCs), 170
MNDs. See Motoneuron diseases (MNDs)
Moore versus Regents of the University of
California case, 2
Motoneuron diseases (MNDs)
classification, 85
iPSC models, 86
Motoneurons
cellular models, 96
differentiation, 87
generation, 87-88
subtypes, 88
Mouse embryonic stem cell test, 19-21
Multipotent cells, 15
Multipotential stromal cells (MSCs),
179, 180, 187
inflammation-mediated priming, 188
Myelodysplastic syndrome (MDS), 139



268

N
National Institutes of Health Revitalization
Act, 5
Natural killer (NK) cells, 147, 184—-186
NCCs. See Neural crest cells (NCCs)
Neonatal diabetes mellitus (NDM), 103
Nephron segment-specific marker, 77
NetCord, 162
Neural crest cells (NCCs), 233
derivatives, 233
ESCs, 236-237
iPS cells, 237
multipotency, 234-235
neural regeneration, 240-241
progenitor cells, 236
NEUROG?3-positive endocrine cells, 113
Neurogenin 3 (NGN3), 109-111
Neuroregenerative medicine, 242
Nicotinamide, 170
Nodal/Activin A signaling, 106, 107
Noncancerous human stem cells, 2
Noncoding RNA (ncRNA), 135
NOTCH pathway, 109
NOTCH signaling, 110
Nuclear reprogramming, 16

(0}

OCT4 gene targeting experiments, 48

Oncostatin M, 183

Oral mucosa stromal cells (OMSCs), 241

Osteogenesis, 197

Osteoimmunology, 200

Osteonecrosis of the femoral head
(ONFH), 223

Osteoprotegerin (OPG), 193

P
Pancreatic and duodenal homeobox 1 gene
(PDX1), 108-110
Pancreatic ductal adenocarcinoma (PDAC),
138
Pancreatic 3 cells, 104-114, 117
PSC differentiation
definitive endoderm, 105—-108
endocrine cells, 109-111
in vitro and in vivo methods, 113
in vitro modifications approach, 105
maturation, 113-114
multi-hormonal secretory cells, 113
multistep differentiation protocol, 104
NKX6.1 expressing cells, 111

Index

PAX4 expressing cells, 111-112
PDX1 expression, 108-109
reprogramming efficiency, 117
three-dimensional culture
approach, 105
Patient-derived hiPSCs, 32
Patient-specific iPSCs, 115
Periodontal ligament stem cells (PDLSCs), 242
Periosteal MSCs, 180
Pluripotency transcription factors, 71
Pluripotent cells, 15
Pluripotent NCSC populations, 244
Pluripotent stem cells (PSCs)
bioengineering kidney tissue, 79—-81
biology, 258
characteristics of, 102
derived cardiomyocytes, 18, 19
differentiation methods, 71-72
early cell types, 70
human kidney cell differentiation, 74-77
iPSCs, 70
kidney disease modeling, 78-79
mammalian kidney development, 72-73
mature pancreatic 3 cells, 104
mouse kidney cell differentiation, 73—74
nephrotoxicity testing, 77-78
types, 101
Protein kinase C (PKC) signaling pathway, 109
PSCs. See Pluripotent stem cells (PSCs)

R

Regenerative medicine, 70

Registration, Evaluation, Authorization and
Restriction of Chemical substances
(REACH), 17

ReProTect project, 22

Rho-associated kinase (ROCK) inhibitor, 48

S
Secondary bone healing, 181
SMA. See Spinal muscular atrophy (SMA)
Somatic cell nuclear transfer (SCNT) method,
119
Somatic cells, 3
Spinal muscular atrophy (SMA), 85
drug therapy, 96
incidence of, 89
iPSCs models, 89-91
phenotypes, 90
protein functions, 89
subtypes, 88



Index

Sporadic ALS (S-ALS), 91, 93
Stem cell banks, 4
Stem cell patentability
Australian patent law, 11
Canadian patent law, 11
China’s patent law, 12
European Law, 10
German patent law, 12
Japanese patent law, 12
UK patent law, 11
US Law, 9-10
Stem cell research ethics, 4
creation, 4
destruction, 4
usage, 4
StemCyte international Cord Blood Center,
173
Submucosal glands (SMG), 252, 254

T

TALEN. See Transcription activator-like
effector nucleases (TALENS)

Tissue engineering, lung epithelial stem cells,
258-260

Totipotent cells, 15

Toxicity tests, 16, 17

Transcription activator-like effector nucleases
(TALENS), 52-53

Transforming growth factor  (TGFp)
signaling, 105, 109

Transplanted EMSCs, 244

Trunk NC, 233

Type 1 diabetes mellitus (T1D),
102, 116-118

Type 2 diabetes mellitus (T2D), 102, 116, 117

U
UK patent law, 11
Umbilical cord blood (UCB), 159
Umbilical cord blood (UCB) banking
advantages, 161
blood unit listing, 166

269

blood unit search, 166—167
collection, 164
communicable disease testing, 165
cryopreservation, 165-166
distribution for administration, 167
donor recruitment, 163
process, 161, 162
Umbilical cord blood (UCB) stem cells
adult blood transplantation, 169
advantages, 167-168
CP, 172173
ex vivo expansion, 170-171
HIE, 172
HIV infection, 173
HSPC homing, 171-172
limitations, 169
pediatric blood transplantation, 168—169
Umbilical cord blood (UCB)
transplantation, 160
Unipotent cells, 15
United States Patent and Trademark Office
(USPTO), 7, 9, 10
Uremic retention products, 69
Urocortin 3 (Ucn3), 114
US Governmental guidelines, 5—7

\'%

Vagal NC, 233
Variant club cells, 255
Viacyte Company, 117
Viral DNA, 134

W

Werdnig—Hoffman disease, 89

Wisconsin Alumni Research Foundation
(WAREF), 8

WNT signaling pathway, 106, 107

Wolfram syndrome, 116

7
Zinc finger nucleases (ZFNs), 50-52



	Preface
	Contents
	Contributors
	About the Editor
	Chapter 1: Ethics and Patents in Stem Cell Research
	1.1 Introduction
	1.2 Stem Cell Research
	1.2.1 Types of Stem Cells
	1.2.2 History of Stem Cell Research
	1.2.3 Ethics of Stem Cell Research
	1.2.3.1 Ethics of Destroying Human Embryos for Research
	1.2.3.2 Ethics of Using Human Embryonic Stem Cells in Research
	1.2.3.3 Ethics of Creating Stem Cell Banks


	1.3 US Governmental Guidelines on Stem Cell Research
	1.4 Debates on Patenting of Stem Cells in the United States
	1.4.1 Impediment to Research
	1.4.2 Control of Stem Cells Market Through Broad Patents

	1.5 Laws on Patent Eligibility of Stems Cells Worldwide
	1.5.1 The US Law on Patent Eligibility of Stem Cells
	1.5.2 The European Law on Patent Eligibility of Stem Cells
	1.5.3 The UK Law on Patent Eligibility of Stem Cells
	1.5.4 Australia, Canada, Germany, China, and Japan on Patent Eligibility of Stem Cells

	1.6 Summary
	References

	Chapter 2: Stem Cells for Drug Screening
	2.1 Introduction
	2.1.1 General Concepts About Stem Cells
	2.1.2 Classification of Stem Cells
	2.1.3 General Application of Stem Cells

	2.2 Necessity for Alternative Tests Using Stem Cells
	2.3 Production of Stem Cell-Derived Cell Types for Pharmacological and Toxicological Screening
	2.3.1 Reprogramming
	2.3.2 Differentiation Reproducibility of Stem Cells
	2.3.3 Achieving Mature Phenotypes
	2.3.4 Heterogeneity and Purification of PSCs-Derived Cells

	2.4 Developmental Toxicity Screening Using ESCs
	2.4.1 Mouse Embryonic Stem Cell Test Validated by the European Center for Validation of Alternative Methods (ECVAM)
	2.4.2 Hand1-Luc EST Based on a Luciferase Reporter Assay
	2.4.3 Limitations and Improvement of EST
	2.4.4 False-Negative Effects Due to Species Differences

	2.5 Tissue-Specific Drug Screening Using iPSCs
	2.5.1 Cardiotoxicity Test Using hSCs
	2.5.2 Hepatotoxicity Test Using hSCs
	2.5.3 Other Disease-Specific iPSCs

	2.6 Future Directions
	2.7 Conclusions
	References

	Chapter 3: Genome Editing in Human Pluripotent Stem Cells
	3.1 Applications of Genome Editing in Human Pluripotent Stem Cells
	3.1.1 Better Developmental Biology Models
	3.1.2 Disease Modeling and Functional Genomics
	3.1.3 Cell and Gene Therapy

	3.2 Development of Genome Editing in Human Pluripotent Stem Cells
	3.2.1 Conventional Strategies for Targeted Genome Editing in Human Pluripotent Stem Cells
	3.2.2 Engineered Endonuclease Technology for Improved Genome Editing
	3.2.2.1 Zinc Finger Nucleases
	3.2.2.2 Transcription Activator-Like Effector Nucleases (TALENs)
	3.2.2.3 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)

	3.2.3 Major Challenges in Improving Current Genome Editing Technologies
	3.2.3.1 Maintaining Genome Integrity of Human Pluripotent Stem Cells After Genome Editing
	3.2.3.2 Improving Homologous Recombination Efficiency


	3.3 Conclusions and Future Perspectives
	References

	Chapter 4: Pluripotent Stem Cells for Kidney Diseases
	4.1 Introduction
	4.2 Pluripotent Stem Cells
	4.3 PSC Differentiation Methods
	4.4 Mammalian Nephrogenesis
	4.5 Differentiation of Mouse PSCs to Kidney Lineage Cells
	4.6 Differentiation of Human PSCs to Kidney Lineage Cells
	4.7 Pluripotent Stem Cells for Nephrotoxicity Testing
	4.8 Pluripotent Stem Cells for Modeling of Kidney Diseases
	4.9 Pluripotent Stem Cells for Bioengineering Kidney Tissue
	4.10 Conclusion
	References

	Chapter 5: Pluripotent Stem Cells for Modeling Motor Neuron Diseases
	5.1 Introduction
	5.2 Differentiation of iPSC into Human Motoneurons
	5.2.1 Generation of Spinal Motor Neurons
	5.2.2 Subtypes of Motoneurons Affected in SMA and ALS

	5.3 Modeling of Spinal Muscular Atrophy
	5.3.1 SMA
	5.3.2 Induced Pluripotent Stem Cells (iPSCs) to Model SMA

	5.4 Modeling of Amyotrophic Lateral Sclerosis
	5.4.1 Amyotrophic Lateral Sclerosis
	5.4.2 Induced Pluripotent Stem Cells (iPSCs) to Model ALS

	5.5 Conclusion: The Perspective for Drug Discovery
	References

	Chapter 6: Pluripotent Stem Cell-Derived Pancreatic beta Cells: From In Vitro Maturation to Clinical Application
	6.1 Introduction
	6.2 Differentiation of Pluripotent Stem Cells into Pancreatic beta Cells
	6.2.1 Differentiation into Definitive Endoderm
	6.2.2 Differentiation into Pancreatic Progenitors
	6.2.3 Differentiation into Endocrine Cells
	6.2.4 Differentiation into Pancreatic beta Cells

	6.3 Maturation of Pancreatic beta Cells
	6.4 Patient-Specific Pluripotent Stem Cells for In Vitro Modeling of Diabetes
	6.5 Therapeutic Application of Pluripotent Stem Cells in Diabetes
	6.6 Conclusion and Future Directions
	References

	Chapter 7: Clinical Applications of Induced Pluripotent Stem Cells in Cancer
	7.1 Introduction
	7.2 Discovery of Human Induced Pluripotent Stem Cells
	7.2.1 Methods Used to Generate hiPSCs

	7.3 Potential Clinical Applications of hiPSCs in Cancer
	7.3.1 Use of iPSCs for Cancer Modeling
	7.3.2 Generation of iPSCs from Cancer Cells
	7.3.3 The Use of iPSCs for Drug Screening and Predictive Cytotoxicity
	7.3.4 iPSCs and Cancer Immunotherapy

	7.4 Considering Probability Models to Evaluate the Possible Use of the hiPSCs for Therapeutic Procedures
	7.4.1 Probability: An Important Mathematical Concept in Clinical Research
	7.4.2 Probability: Its Use to Evaluate hiPSCs for Therapeutic Procedures

	7.5 Conclusion and Future Perspective
	References

	Chapter 8: Banking of Human Umbilical Cord Blood Stem Cells and Their Clinical Applications
	8.1 Introduction
	8.2 Cord Blood Banking
	8.2.1 Donor Recruitment
	8.2.2 Cord Blood Collection
	8.2.3 Donor Mother Testing
	8.2.4 Cord Blood Processing and Cryopreservation
	8.2.5 Cord Blood Unit Listing
	8.2.6 Cord Blood Unit Search, Selection, and Reservation
	8.2.7 Cord Blood Unit Release and Distribution for Administration

	8.3 Advantages of Using Umbilical Cord Blood Stem Cells
	8.4 Umbilical Cord Blood Clinical Applications
	8.4.1 Pediatric Cord Blood Transplantation
	8.4.2 Adult Cord Blood Transplantation

	8.5 Limitations of Using Umbilical Cord Blood Stem cells
	8.5.1 Cord Blood Ex Vivo Expansion
	8.5.2 Cord Blood Homing to Their Niches

	8.6 Cord Blood and Hypoxic-Ischemic Encephalopathy
	8.7 Cord Blood and Cerebral Palsy
	8.8 Cord Blood and HIV Infection
	8.9 Conclusion and Future Perspectives
	References

	Chapter 9: Interactions Between Multipotential Stromal Cells (MSCs) and Immune Cells During Bone Healing
	9.1 Introduction
	9.2 Inflammatory Phase
	9.2.1 Neutrophils
	9.2.2 Macrophages and Monocytes
	9.2.3 NK Cells
	9.2.4 Innate Lymphoid Cells
	9.2.5 T and B Lymphocytes
	9.2.6 Multipotential Stromal Cells
	9.2.6.1 Source and Recruitment
	9.2.6.2 The Early Role of MSCs During Inflammatory Phase
	9.2.6.3 Priming of MSCs During Early Inflammatory Stage
	9.2.6.4 The Late Role of MSCs During Inflammatory Phase; Immunomodulation

	9.2.7 The Summary of Inflammatory Phase

	9.3 Repair Phase
	9.3.1 MSCs
	9.3.2 Macrophages
	9.3.3 T and B Lymphocytes
	9.3.4 Growth Factors and Cytokines
	9.3.5 The Summary of the Repair Phase

	9.4 Remodelling Phase
	9.4.1 Cells
	9.4.2 Soluble Factors and Cytokines
	9.4.3 The Summary of Remodelling Phase of Bone Healing

	9.5 Intramembranous Healing
	9.6 MSC-Immune Cell Interactions; Implication in Defective Bone Healing
	9.6.1 Neutrophils
	9.6.2 Macrophages
	9.6.3 NK Cells
	9.6.4 T and B Lymphocytes
	9.6.5 Cytokines

	9.7 MSC-Immune Cell Interactions; Therapeutic Implications to Fracture Repair
	9.8 Conclusions and Future Perspectives
	References

	Chapter 10: Bone Marrow Stromal Stem Cells for Bone Repair: Basic and Translational Aspects
	10.1 Introduction
	10.2 Isolation and In Vitro Expansion of hBMSCs
	10.3 Isolation of Adult MSCs-Like Cells from Different Tissues
	10.4 Phenotypic Characteristics of BMSCs
	10.5 Use of hBMSCs in Therapy
	10.6 Osteoblast Differentiation of BMSCs
	10.7 Limiting Factors Affecting the Clinical Use of hBMSCs
	10.7.1 Replicative Senescence
	10.7.2 Phenotypic Heterogeneity of hBMSCs

	10.8 Clinical Applications of hBMSCs in Bone Tissue Regeneration
	10.8.1 Bone Tissue Engineering
	10.8.1.1 Use of hBMSC for Craniofacial Bone Defect Regeneration
	10.8.1.2 Use of hBMSC for Treatment of Bone Critical Size Defects and Non-healed Fractures

	10.8.2 Use of hBMSC for Treatment of Osteonecrosis of the Femoral Head
	10.8.3 Systemic BMSC Transplantation

	10.9 Conclusion and Future Perspectives
	References

	Chapter 11: Neural Crest Stem Cells: A Therapeutic Hope Machine for Neural Regeneration
	11.1 Introduction
	11.2 The Multipotency of NCCs
	11.3 Neural Crest Stem/Progenitor Cells in Various Tissues
	11.4 Neural Crest Stem Cells Derived from Pluripotent Stem Cells
	11.5 Stem Cells and Neural Differentiation
	11.5.1 Mesenchymal Stem Cells as a Source of Neural Cells
	11.5.2 Neural Differentiation of Adult (Somatic) Stem Cells and Pluripotent Stem Cells

	11.6 Neural Crest Stem Cells and Neural Regeneration
	11.6.1 Neural Crest-Derived Ectomesenchymal Stem Cells in Neural Regeneration
	11.6.2 Dental and Periodontal Neural Crest Stem Cells in Neural Regeneration

	11.7 Concluding Remarks and Future Directions
	References

	Chapter 12: Lung Stem Cells and Their Use for Patient Care: Are We There Yet?
	12.1 Introduction
	12.2 Stem Cells of the Lung
	12.2.1 Lung Stem Cells; Few or Many?
	12.2.2 Basal Cells
	12.2.3 Intermediate Cells
	12.2.4 SMGs Duct Cells
	12.2.5 Club and Variant Club Cells
	12.2.6 Stem Cells of the Lung Parenchyma

	12.3 Potential Clinical Applications Using Lung Stem Cells
	12.3.1 Cell Therapy
	12.3.1.1 The Promise of Using Pluripotent and Tissue Stem Cells in Lung Cell Therapy

	12.3.2 Tissue Engineering of the Proximal Airway
	12.3.3 Tissue Engineering of the Lung

	12.4 Conclusion
	References

	Index



