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Preface

Keeping in line with the current focus that personalized medicine should be the
future medicine, stem cells have received tremendous attention. In recognition of
the growing excitement and potential of stem cells for both the advancement of
biology and future clinical applications, we felt it timely to edit this book to
address and discuss the current advances and topics on stem cells, covering aspects
from stem cell nano-engineering, pluripotent stem cells, and cellular reprogram-
ming to regenerative medicine. We are pleased to provide Advances in Stem Cell
Research as a timely and comprehensive overview.

By itself, the field of stem cells has generated tremendous interest; however,
development in this area will also pave the way for a breakthrough within
regenerative medicine. In parallel, scientific developments in the post-genomic era
and achievements in systems biology will allow for the necessary development of
personalized medicine.

We want to sincerely thank all authors who have contributed to this book for
their dedicated efforts and their excellent contributions. We hope that you, as a
reader, will enjoy this volume.

We are also grateful to Dr. Hamid Gourabi, Dr. Abdolhossein Shahverdi, and
Dr. Ahmad Vosough Dizaj for having faith in and supporting us throughout this
project. We also wish to acknowledge the great support provided by many at
Humana Press. A special thank you goes to our dedicated colleagues at Royan
Institute for Stem Cell Biology and Technology who, with their tireless commit-
ment toward stem cell research, have become crucial factors in encouraging us to
edit this book. We are grateful to Zahra Maghari for her help with collecting the
chapters and in the follow-up.

vii



Contents

1 ES Cell Lines from Tetraploid Mouse Blastocysts . . . . . . . . . . . . 1
Martin J. Pfeiffer, Martin Stehling, Anna Jauch and Michele Boiani

2 The Significance of Culture Adaptation of Embryonic Stem Cells
for Regenerative Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Neil J. Harrison, Duncan Baker and Peter W. Andrews

3 Biomanufacturing Human Pluripotent Stem Cells
for Therapeutic Applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Xiaojun Lian and Sean P. Palecek

4 hESC-Derived Hepatocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Iman Saramipoor Behbahan and Mark A. Zern

5 Advances in Induced Pluripotent Stem Cell Biology. . . . . . . . . . . 67
Ali Seifinejad

6 iPS Cells: New Applications for Metabolic Liver Diseases . . . . . . 85
Tobias Cantz, Abbas Beh-Pajooh and Malte Sgodda

7 Vascular Differentiation of Human Pluripotent Stem Cells. . . . . . 97
Helena Vazão, Mário Grãos and Lino Ferreira

8 Mechanism of MicroRNA-Mediated Global DNA
Demethylation in Human iPS Cells . . . . . . . . . . . . . . . . . . . . . . . 117
Shi-Lung Lin

9 Microtechnological Approaches in Stem Cell Science . . . . . . . . . . 135
Faramarz Edalat, Jae Min Cha, Hojae Bae, Sam Manoucheri,
Sang Bok Kim and Ali Khademhosseini

ix

http://dx.doi.org/10.1007/978-1-61779-940-2_1
http://dx.doi.org/10.1007/978-1-61779-940-2_2
http://dx.doi.org/10.1007/978-1-61779-940-2_2
http://dx.doi.org/10.1007/978-1-61779-940-2_3
http://dx.doi.org/10.1007/978-1-61779-940-2_3
http://dx.doi.org/10.1007/978-1-61779-940-2_4
http://dx.doi.org/10.1007/978-1-61779-940-2_5
http://dx.doi.org/10.1007/978-1-61779-940-2_6
http://dx.doi.org/10.1007/978-1-61779-940-2_7
http://dx.doi.org/10.1007/978-1-61779-940-2_8
http://dx.doi.org/10.1007/978-1-61779-940-2_8
http://dx.doi.org/10.1007/978-1-61779-940-2_9


10 Application of Micro/Nanotechnology to Stem Cell Research
and Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
Amir R. Aref

11 Spermatogonial Stem Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
Hossein Azizi, Sabine Conrad, Thomas Skutella
and Irma Virant-Klun

12 Cellular Reprogramming and Fate Conversion . . . . . . . . . . . . . . 211
Masaki Ieda

13 Omics in Stem Cell Therapy: The Road Ahead . . . . . . . . . . . . . . 227
Kyunghee Byun, Goo-Bo Jeong, Trevor N. Collingwood
and Bonghee Lee

14 Microglia: The Bodyguard and the Hunter
of the Adult Neurogenic Niche . . . . . . . . . . . . . . . . . . . . . . . . . . 245
Jorge Valero, Maria Francisca Eiriz, Tiago Santos, Ismael Neiva,
Raquel Ferreira and João O. Malva

15 Immunosuppressive Properties of Mesenchymal Stromal Cells . . . 281
Francesco Lanza, Diana Campioni, Endri Mauro,
Annalisa Pasini and Roberta Rizzo

16 Cellular Therapy for Hematology Malignancies: Allogeneic
Hematopoietic Stem Transplantation, Graft-Versus-Host Disease,
and Graft Versus Leukemia Effects. . . . . . . . . . . . . . . . . . . . . . . 303
James L. M. Ferrara and Pavan Reddy

17 Cardiac Versus Non-Cardiac Stem Cells to Repair the Heart:
The Role of Autocrine/Paracrine Signals . . . . . . . . . . . . . . . . . . . 367
Manlio Vinciguerra, Vincenzo Lionetti, Carlo Ventura
and Nadia Rosenthal

18 Adult Neurogenesis in Alzheimer’s Disease and Therapies . . . . . . 383
Philippe Taupin

Author’s Biography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397

x Contents

http://dx.doi.org/10.1007/978-1-61779-940-2_10
http://dx.doi.org/10.1007/978-1-61779-940-2_10
http://dx.doi.org/10.1007/978-1-61779-940-2_11
http://dx.doi.org/10.1007/978-1-61779-940-2_12
http://dx.doi.org/10.1007/978-1-61779-940-2_13
http://dx.doi.org/10.1007/978-1-61779-940-2_14
http://dx.doi.org/10.1007/978-1-61779-940-2_14
http://dx.doi.org/10.1007/978-1-61779-940-2_15
http://dx.doi.org/10.1007/978-1-61779-940-2_16
http://dx.doi.org/10.1007/978-1-61779-940-2_16
http://dx.doi.org/10.1007/978-1-61779-940-2_16
http://dx.doi.org/10.1007/978-1-61779-940-2_17
http://dx.doi.org/10.1007/978-1-61779-940-2_17
http://dx.doi.org/10.1007/978-1-61779-940-2_18


Contributors

Nasser Aghdami Cell Science Research Center, Royan Institute for Stem Cell
Biology and Technology, ACECR, Tehran, Iran

Peter W. Andrews Department of Biomedical Science, Centre for Stem Cell
Biology, The University of Sheffield, Sheffield, UK

Amir R. Aref Department of Biological Engineering, Massachusetts Institute of
Technology, Cambridge, MA USA; Harvard Medical School, Dana-Farber Cancer
Institute, Boston, MA, USA

Hossein Azizi Institute for Anatomy and Cell Biology, University of Heidelberg,
Heidelberg, Germany

Hojae Bae Department of Medicine, Center for Biomedical Engineering, Harvard
Medical School, Brigham and Women’s Hospital, Cambridge, MA, USA;
Harvard-MIT Division of Health Sciences and Technology, Massachusetts
Institute of Technology, Cambridge, MA, USA

Duncan Baker Sheffield Diagnostic Genetic Services, Sheffield Children’s NHS
Trust, Sheffield, UK

Hossein Baharvand Department of Stem Cells and Developmental Biology, Cell
Science Research Center, Royan Institute for Stem Cell Biology and Technology,
ACECR, Tehran, Iran; Department of Developmental Biology, University of
Science and Culture, ACECR, Tehran, Iran

Abbas Beh-Pajooh Stem Cell Biology, Cluster-of-Excellence, REBIRTH,
Hannover Medical School, Hannover, Germany

Michele Boiani Max Planck Institute for Molecular Biomedicine, Münster,
Germany

Kyunghee Byun Center for Genomics and Proteomics and Stem Cell Core
Facility, Lee Gil Ya Cancer and Diabetes Institute, Gachon University of Medicine

xi



and Science, Incheon, Korea; Department of Anatomy and Cell Biology, Graduate
School of Medicine, Gachon University of Medicine and Science, Incheon, Korea

Diana Campioni Hematology Section, University of Ferrara, Ferrara, Italy

Tobias Cantz Stem Cell Biology, Cluster-of-Excellence, REBIRTH, Hannover
Medical School, Hannover, Germany

Trevor N. Collingwood Sigma-Aldrich, Inc., St. Louis, MO, USA

Sabine Conrad Insitute of Anatomy, University of Tübingen, Tübingen, Germany

Faramarz Edalat Department of Medicine, Center for Biomedical Engineering,
Harvard Medical School, Brigham and Women’s Hospital, Cambridge, MA, USA;
Harvard-MIT Division of Health Sciences and Technology, Massachusetts
Institute of Technology, Cambridge, MA, USA

Maria Francisca Eiriz Faculty of Medicine, Center for Neuroscience and Cell
Biology, University of Coimbra, Coimbra, Portugal

James L. M. Ferrara Professor of Medicine and Pediatrics, Combined Bone
Marrow Transplant Program, University of Michigan Cancer Center, Ann Arbor,
MI, USA

Lino Ferreira CNC—Center for Neuroscience and Cell Biology, University of
Coimbra, Coimbra, Portugal

Raquel Ferreira Faculty of Medicine, Center for Neuroscience and Cell Biology,
University of Coimbra, Coimbra, Portugal

Mario Grãos Biocant—Center of Innovation in Biotechnology, Cantanhede,
Portugal

Neil J. Harrison Department of Biomedical Science, Centre for Stem Cell
Biology, The University of Sheffield, Sheffield, UK

Masaki Ieda Department of Clinical and Molecular Cardiovascular Research,
Keio University School of Medicine, Shinjuku-ku, Tokyo, Japan; Department of
Cardiology, Keio University School of Medicine, Shinjuku-ku, Tokyo, Japan

Anna Jauch Institute of Human Genetics, University Heidelberg, Heidelberg,
Germany

Goo-Bo Jeong Department of Anatomy and Cell Biology, Graduate School of
Medicine, Gachon University of Medicine and Science, Incheon, Korea

Ali Khademhosseini Wyss Institute for Biologically Inspired Engineering at
Harvard University, Boston, MA, USA

Sang Bok Kim Department of Medicine, Center for Biomedical Engineering,
Harvard Medical School, Brigham and Women’s Hospital, Cambridge, MA, USA;

xii Contributors



Harvard-MIT Division of Health Sciences and Technology, Massachusetts
Institute of Technology, Cambridge, MA, USA

Francesco Lanza Hematology and Stem Cell Unit, Cremona, University of
Ferrara, Ferrara, Italy

Bonghee Lee Center for Genomics and Proteomics and Stem Cell Core Facility,
Lee Gil Ya Cancer and Diabetes Institute, Gachon University of Medicine and
Science, Incheon, Korea; Department of Anatomy and Cell Biology, Graduate
School of Medicine, Gachon University of Medicine and Science, Incheon, Korea

Xiaojun Lian Department of Chemical and Biological Engineering, University of
Wisconsin, Madison, WI, USA

Shi-Lung Lin Division of Regenerative Medicine, WJWU & LYNN Institute for
Stem Cell Research, Santa Fe Springs, CA, USA

Vincenzo Lionetti Laboratory of Medical Science, Institute of Life Sciences,
Scuola Superiore Sant’Anna, Pisa, Italy; Laboratory of Molecular Biology and
Stem Cell Engineering, National Institute of Biostructures and Biosystems,
University of Bologna, Bologna, Italy; Department of Physiology, New York
Medical College, Valhalla, NY, USA

João O. Malva Laboratory of Biochemistry and Cell Biology, Faculty of
Medicine, University of Coimbra, Coimbra, Portugal

Sam Manoucheri Department of Medicine, Center for Biomedical Engineering,
Harvard Medical School, Brigham and Women’s Hospital, Cambridge, MA, USA;
Harvard-MIT Division of Health Sciences and Technology, Massachusetts
Institute of Technology, Cambridge, MA, USA

Endri Mauro Hematology and Stem Cell Unit, Cremona, University of Ferrara,
Ferrara, Italy

Jae Min Cha Department of Medicine, Center for Biomedical Engineering,
Harvard Medical School, Brigham and Women’s Hospital, Cambridge, MA, USA;
Harvard-MIT Division of Health Sciences and Technology, Massachusetts
Institute of Technology, Cambridge, MA, USA

Ismael Neiva Faculty of Medicine, Center for Neuroscience and Cell Biology,
University of Coimbra, Coimbra, Portugal

Sean P. Palecek Department of Chemical and Biological Engineering, University
of Wisconsin, Madison, WI, USA

Annalisa Pasini Hematology and Stem Cell Unit, Cremona, University of Ferrara,
Ferrara, Italy

Martin J. Pfeiffer Max Planck Institute for Molecular Biomedicine, Münster,
Germany

Contributors xiii



Pavan Reddy Department of Internal Medicine, Bone Marrow Transplant
Program, University of Michigan Cancer Center, Ann Arbor, MI, USA

Roberta Rizzo Microbiology Institute, University of Ferrara, Ferrara, Italy

Nadia Rosenthal European Molecular Biology Laboratory (EMBL), Mouse
Biology Unit, Campus A. Buzzati-Traverso, Monterotondo, Italy; Australian
Regenerative Medicine Institute (ARMI), Monash University, Melbourne, VIC,
Australia

Tiago Santos Faculty of Medicine, Center for Neuroscience and Cell Biology,
University of Coimbra, Coimbra, Portugal

Iman Saramipoor Behbahan Transplant Research Program, Department of
Internal Medicine, University of California Davis Medical Center, Sacramento,
CA, USA

Ali Seifinejad Department of Stem Cells and Developmental Biology, Cell
Science Research Centre, Royan Institute for Stem Cell Biology and Technology,
Academic Center for Education, Culture and Research (ACECR), Tehran, Iran

Malte Sgodda Stem Cell Biology, Cluster-of-Excellence, REBIRTH, Hannover
Medical School, Hannover, Germany

Thomas Skutella Institute for Anatomy and Cell Biology, University of
Heidelberg, Heidelberg, Germany

Martin Stehling Max Planck Institute for Molecular Biomedicine, Münster,
Germany

Philippe Taupin School of Biotechnology, Dublin City University, Glasnevin,
Dublin, Ireland

Jorge Valero Faculty of Medicine, Center for Neuroscience and Cell Biology,
University of Coimbra, Coimbra, Portugal

Helena Vazão CNC—Center for Neuroscience and Cell Biology, University of
Coimbra, Coimbra, PortugalBiocant—Center of Innovation in Biotechnology,
Cantanhede, Portugal

Carlo Ventura Cardiovascular Department, S. Orsola—Malpighi Hospital,
University of Bologna, Bologna, Italy

Manlio Vinciguerra Istituto EuroMEditerraneo di Scienza e Tecnologia (IEMEST),
Palermo, Italy

Irma Virant-Klun Department of Obstetrics and Gynaecology, University
Medical Centre Ljubljana, Ljubljana, Slovenia

Mark A. Zern Transplant Research Program, Department of Internal Medicine,
University of California Davis Medical Center, Sacramento, CA, USA

xiv Contributors



Chapter 1
ES Cell Lines from Tetraploid
Mouse Blastocysts

Martin J. Pfeiffer, Martin Stehling, Anna Jauch
and Michele Boiani

Abstract Testing of mouse stem cells for pluripotency is mainly conducted with
either of three different assays: embryoid body (EB) formation, teratoma forma-
tion, and tetraploid (4 N) embryo complementation. The complementation assay
relies on the assumption that the 4 N embryo lacks in own pluripotency. Here we
devised a new method for generating 4 N mouse embryos and, from these
embryos, we derived functional 4 N embryonic stem (ES) cells. Our method uses
the nuclear transplantation (NT) of two somatic cell nuclei (diploid, 2 N) into
oocytes deprived of their metaphase II spindle (ooplasts), or the intracytoplasmic
sperm injection (ICSI) of two sperm heads into intact oocytes. It follows that these
embryos are 4 N from the beginning of embryonic life, in contrast to conventional
methods that use the fusion of two 2 N embryo blastomeres. The derivation of 4 N
ES cells proves that the inner cell mass (ICM) of a mouse 4 N blastocyst is
pluripotent. Here we apply this new method to determine whether one mouse
ooplasm can reprogram two somatic nuclei, and to separate the effects of chro-
mosome duplication and centriole duplication from each other in the process of
tetraploidization that can lead to tumor formation.

1.1 Introduction

Tetraploidy is the presence of twice the normal number of chromosomes
in a cell. In mammals there are no confirmed tetraploid (4 N) species, and exper-
imentally-induced 4 N embryos are incapable of significant if any development

M. J. Pfeiffer � M. Stehling � M. Boiani (&)
Max Planck Institute for Molecular Biomedicine, Münster, Germany
e-mail: mboiani@mpi-muenster.mpg.de

A. Jauch
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after implantation [1]. Yet these 4 N embryos have proved very useful in biological
research: to assess pluripotency of stem cells, and to determine if gene mutations
affect the differentiation ability of these cells. Most prominent members of the
pluripotent stem cell family are the embryonic stem (ES) cells, which have been
derived from the inner cell mass (ICM) of the diploid (2 N) blastocyst-stage
embryo in the mouse as well as in other mammalian species. Of the precursor ICM,
ES cells retain the pluripotency, that is, the ability to differentiate into cell lineages
of the three embryonic germ layers, as well as germ cells. Pluripotency is tested by
having ES cells differentiate in the permissive environment of an embryo, of an
embryoid body, or even of an adult body.

The 4 N embryo provides an environment to assess 2 N ES cells for pluripo-
tency, as follows: by aggregating ES cells with 4 N morulae, or by microinjecting
ES cells inside the cavity of 4 N blastocysts. The ES cells replace the 4 N ICM but
do not mingle with the 4 N trophectoderm (TE). As a result, a chimeric embryo
arises in which the exogenous ES cells form the fetus but not the placenta, unless
they suffer a mutation that affects the ICM’s ability to produce normal embryonic
lineages. This assay is referred to as ‘tetraploid embryo complementation’. In fact,
a sensitive transgenic method allowed to detect the cell progeny of 4 N blasto-
meres in the early postimplantation embryo up to the stage of gastrulation [2].
Thus, it is not clear if the ICM of 4 N blastocysts abstains from making an active
contribution to the complementation assay, and if experimental tetraploidy has no
other experimental application than supporting 2 N ES cells.

To date, three protocols are available to generate 4 N embryos. The first pro-
tocol is to microsurgically add a 2 N nucleus to a zygote [3, 4]. The second
protocol used to produce 4 N embryos is the use of cytochalasin B to skip one cell
division during 2 N embryo cleavage [5, 6]. The third protocol is to fuse the
blastomeres of a 2 N 2-cell embryo with each other [7–9]. In the past the first
method lagged far behind the other two in terms of applicability, as it required a
micromanipulator, which in the meantime has become more and more common in
the modern cell culture facilities.

In this chapter we introduce a new protocol to generate 4 N mouse embryos for
purposes of research. Our protocol is based on the nuclear transplantation (NT) of
two somatic cell nuclei into ooplasts, or the intracytoplasmic sperm injection
(ICSI) of two sperm heads into intact metaphase II mouse oocytes, resulting in 4 N
NT embryos and 4 N ICSI embryos, respectively. We show that these 4 N
embryos have a functional ICM as measured by the derivation of 4 N NT ES cells.
We characterized these cells for karyotypic stability and extent of pluripotency.
Moreover, we provide applications of 4 N NT ES cells to solve important bio-
logical questions, for example: whether one ooplasm can reprogram two somatic
nuclei, and how the effects of chromosome duplication and centriole duplication
can be resolved from each other when cells become tetraploid.

Miyamoto and colleagues suggested that the mouse oocyte hosts reprogram-
ming capacity sufficient for multiple somatic nuclei [10]. However, to date,
nobody has challenged the reprogramming capacity of the mouse ooplasm by
transplanting more than one somatic nucleus simultaneously in the same ooplasm.

2 M. J. Pfeiffer et al.



The result of transplanting two 2 N nuclei in the same ooplasm is a 4 N embryo.
As a measure of reprogramming, we examined whether this embryo can develop
into a blastocysts with functional ICM.

In cancer formation, chromosome instability and aneuploidy is often preceded
by transient tetraploidy [11]. However, when somatic cells become tetraploid, they
also typically undergo centriole duplication. It is therefore of importance to cancer
research to efficiently and effectively separate the effects of these two alterations—
the duplication of chromosome number and that of centriole number—from each
other. The mouse oocyte hosts a set of unique biological processes, such as the
ability to haploidize its own DNA during meiosis, to remodel the sperm nucleus
into a pronucleus and to destroy sperm’s mitochondria after fertilization [12]. Yet
another feature of the mouse oocyte is its ability to integrate a somatic nucleus
while destroying its companion centriole(s) after somatic cell nuclear transfer
(SCNT) [13]. These cell constructs are amenable to embryo production and ES
cells derivation.

Therefore, by the transfer of two somatic nuclei into the mouse ooplasm
combined with the derivation of ES cells, we tested the hypothesis that the mouse
oocyte has reprogramming capacity in excess of one somatic nucleus, and that
pure tetraploidy (i.e. twice the number of chromosomes without twice the number
of centrioles) is an inherently unstable condition that exacerbates the tumorigenic
properties of mouse ES cells with respect to teratoma formation.

1.2 Results

Ooplasts were transplanted with two cumulus cell nuclei (double SCNT, OG2
transgenic cells) and subjected to activation in the presence of cytochalasin B.
These 4 N constructs went on cleaving and gave rise to blastocysts, which sup-
ported the derivation of cell lines under leukemia inhibitory factor (Lif) culture
conditions on a layer of fibroblast feeder cells. Rates of cell line derivation were
lower compared to ooplasts transplanted with one nucleus (single SCNT), with
zygotes whose first cleavage had been prevented by cytochalasin B (4 N after
fertilization) and with oocytes subjected to ICSI of two sperm heads and pre-
vention of polar body extrusion (Table 1.1). We focused on the six cell lines that
were derived after double SCNT. These cell lines are positive for alkaline phos-
phatase activity (Fig. 1.1) and express Oct4 promoter-driven GFP, both prominent
markers for pluripotency. Therefore these cells qualify as ‘ES cells’, and given
their origin, we call them ‘4 N NT ES cells’.

We asked if ES cell lines that have double the number of chromosomes suffered
an increased rate of chromosome malsegregation and became more unstable,
compared to 2 N counterparts. The 4 N NT ES cell lines presented a modal
chromosome count of 80 at passage 20 (Fig. 1.3), determined by analyzing 103
chromosome spreads after Hoechst staining (Fig. 1.2). Using M-FISH probes we
measured the chromosomal makeup of additional 117 individual 4 N NT ES cells,

1 ES Cell Lines from Tetraploid Mouse Blastocysts 3



in comparison to that of 2 N ES cells derived from cloned and zygotic 2 N
embryos (Fig. 1.3). In particular, it became possible to detect chromosome
rearrangements (e.g. translocations, duplications, deletions) and chromosome

Table 1.1 Derivation rates of 4N and 2N ES cells (NT, somatic cell nuclear transfer;
F, fertilization)

ES cell Outgrowths picked ES cell lines derived Rate v2

Single NTa 47 16 0.34 1
Double NT 59 6 0.10 0.003
4N F (blastomere fusion) 26 8 0.31 0.776
Double ICSI (4N) 12 4 0.33 0.963
a used as control group to calculate v2

Fig. 1.1 AP-stained 4 N NT ES cell colonies. Lines 1–6 (a–f). Red-colored cells indicate the
presence of alkaline phosphatase, a marker characteristic of pluripotent Red-colored stem cells.
Original magnification 4X

Fig. 1.2 Chromosome spreads of the 4 N NT ES cell line #4. The number of counted
chromosomes were 77 (a), 80 (b), and 82 (c) Original magnification 100x

4 M. J. Pfeiffer et al.



nondisjunction (leading to trisomy in 2 N cells, or to five copies of a chromosome
in 4 N cells). The average nondisjunction rate per 4 N NT ES cell was 3.42%
(4/117), that is, lower than that of 2 N NT ES cells analyzed in our previous study
(53.33%; 8/15; v2 = 2.43E-10) [13], and comparable to that of 2 N ES cells from
naturally fertilized embryos (5.56%; 2/36; v2 = 0.56). Chromosome rearrange-
ments were detected exclusively in NT ES cells (Fig. 1.3).

ES cell pluripotency is typically tested by embryoid body (EB) formation in
vitro, by teratoma formation in vivo, and by chimera formation after blastocyst
injection and embryo transfer. Here, we tested the pluripotency of 4 N NT ES cells
by the EB and the teratoma assay.

Three to five days after aggregation in hanging drops of medium without Lif,
the 4 N NT ES cells formed spheroids. Differentiation was monitored live, which
is made possible by the presence of the Oct4-GFP transgene. Compared to 2 N
counterparts, GFP expression was sustained over a longer period of time in
4 N NT ES cells. Typically, 2 N EBs lose GFP expression after 3–4 days, whereas
4 N EBs retained GFP expression even longer than a week (Fig. 1.4).

ES cells have the ability to form solid tumors known as ‘teratomas’, originally
described as testicular tumors in strain 129 mice [14]. This property allows to test
if 4 N NT ES cells give rise to more aggressive tumors compared to diploid
counterparts. Although none of the severe combined immunodeficient (SCID)
mice injected with at least 1 9 106 4 N NT ES cells at early passage (pp. 6–7)

Fig. 1.3 Chromosome counts and M-FISH analysis of chromosome spreads (117 spreads of 4 N
NT ES cells; 20 spreads of 2 N NT ES cells; 36 spreads of fert ES cells)

1 ES Cell Lines from Tetraploid Mouse Blastocysts 5



developed teratomas after one month (unlike the case for 2 N counterparts),
teratomas were detected after two months when cells at late passage (pp. 20–22)
were used (Fig. 1.5). These data are summarized in Table 1.2. These cells were the
siblings of those that were previously analyzed for their karyotype and found to be
stable. Similar results were obtained with 4 N ES cells derived from fertilized
embryos after inhibition of the first cleavage (no teratomas after one month,
teratomas after two months). The 4 N teratomas grew slower and attained smaller
size than the 2 N counterparts. Animal welfare considerations and animal
protection laws prohibited us from letting the teratomas grow bigger than 10 mm
(US) or 15 mm (Germany) in diameter over a period of time longer than
two months. The important question of whether the 4 N NT ES cells remained
tetraploid during and after teratoma formation was answered indirectly. We
subjected the 4 N NT ES cells to in vitro differentiation into cardiomyocytes for
ten days and then let the cardiomyocytes beat for another three weeks prior to
performing a FACS analysis for ploidy. The cells presented the FACS profile
typical of tetraploid cells (Fig. 1.6). Although we have not shown that the teratoma
cells are 4 N in vivo, we have shown that 4 N NT ES cells retain the tetraploid
karyotype when they differentiate over one month in vitro.

Fig. 1.4 Embryoid bodies of 2 N (a, a’) and 4 N (b, b’) NT ES cells (a, b, bright field; a’, b’,
Oct4-GFP fluorescence)
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Fig. 1.5 SCID mice four weeks after subcutaneous injection of early-passage ES cells. Teratoma
formation was only visible in mice injected with 2 N NT ES cells (top), but not after injection of
4 N NT ES cells (bottom)

Table 1.2 Teratoma formation after subcutaneous injection of ES cells in SCID mice (NT,
somatic cell nuclear transfer; F, fertilization)

ES
cell

Passage
#

Days
after
injection

Teratoma/
mice
injected

Days
after
injection

Teratoma/
mice
injected

Total
teratomas

v2

2N NTa 6–7 40 2/4 100 2/3 4/7 1
4N NT 6–7 34 0/7 100 0/3 0/10 0.006
4N NT 20–22 40 2/3 100 1/4 3/7 0.593
4N F 5 27 0/3 100 2/6 2/9 0.152
a used as control group to calculate v2
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1.3 Discussion

ES cells are pluripotent cell lines derived from the ICM of the blastocyst. The vast
majority of mouse ES cell lines have been derived from 2 N blastocysts. In
contrast, 4 N blastocysts are considered to lack in pluripotency, since on their own
they are incapable of postimplantation development unless 2 N ES cells are added
[15, 16]. Indeed, expression of Oct4, a pluripotency marker of the ICM, is lost by
the 4 N expanded blastocysts [17]. Although 4 N embryos are incapable of full
development, the presence of 4 N cells is normal within certain tissues of the adult
body, such as neurons, muscle, and liver [18, 19]. 4 N ES cells have been obtained
from existing cell lines after cell fusion [20] or after block of cytokinesis [21]. In a
different approach, Yang and colleagues derived 4 N ES cells from metaphase II
mouse oocytes transplanted with one somatic nucleus [22]. It should be noted that
these 4 N cells contain one somatic and one gametic genome. Taken together,
these finding indicates that although tetraploidy induction may be detrimental,
tetraploid cells can have a normal life once the initial hurdles post-induction have
been overcome. Applied to pluripotency, past studies showed that the maintenance
of pluripotency is compatible with a 4 N state of the genome (as seen after cell
fusion), but the induction of pluripotency may only be possible with support from
an already pluripotent genome, such as that of an ES cell in case of fusion, or that
of the oocyte in case of SCNT into intact (not enucleated) oocytes. Here we
developed a unique approach to the derivation of 4 N ES cells from mouse
embryos by simultaneously injecting two 2 N nuclei into a single, enucleated
oocyte. With this tool in hand we were able to address two questions that pertain to

Fig. 1.6 FACS analysis of
cardiomyocytes derived from
4 N (black line) and 2 N
(gray solid) NT ES cells
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the induction of pluripotency via oocytes, and to the chromosomal theory of
tumorigenesis.

Miyamoto and colleagues suggested that the mouse oocyte hosts reprogramming
capacity sufficient for multiple somatic nuclei, possibly up to 100 of them [10]. The
ability to incorporate the somatic nuclei is supported by 10–15 microtubule orga-
nizing centers (MTOCs), which are present in the mouse ooplasm and build a
microtubular spindle around the chromosomes in the absence of centrioles [23, 24].
This feature may allow multiple somatic nuclei to be transplanted in the same
ooplasm without the formation of multipolar spindles and chaotic mitoses as a
consequence. We observed that when two somatic nuclei were transplanted to the
same ooplasm, they were both reprogrammed to pluripotency as measured by the
derivation of 4 N ES cells. This achievement underscores the abundant repro-
gramming capacity of mammalian oocytes, which was suggested to be in excess of
one nucleus [10], and the ability of a 4 N embryonic genome to support derivation
of ES cells.

Yang and colleagues derived 4 N ES cells following NT into intact mouse
oocytes [22]. Our 4 N ES cells differ from those of Wang and colleagues, in that
the latter resulted from reprogramming of a single somatic nucleus transplanted
into a metaphase II mouse oocyte, whereas our own reprogramming strategy relies
solely on the reprogramming factors of the ooplasm, without the support of the
maternal genome. Accordingly, our 4 N ES cells also have a balanced imprinting
status (2/4 maternal, 2/4 paternal), those of Yang and colleagues have an unbal-
anced imprinting status (3/4 maternal, 1/4 paternal), at least at the initial passages
of ES cell culture.

Thanks to the oocyte’s ability to destroy somatic centrioles, we envisioned the
use of double SCNT into ooplasts as an avenue to distinguish between chromo-
some duplication and centriole duplication as destabilizing factors that facilitate
tumorigenesis. In a cell undergoing tetraploidization, the duplication of DNA
content typically coexists with the duplication of centrioles, making it difficult to
understand if the tetraploid genome per se, or rather the multipolar spindles, make
cells prone to transformation.

We showed that 4 N NT ES cells not only can be derived, but they are chro-
mosomally stable as measured up to passage 20. Interestingly, NT ES cells cloned
from 1 and 2 nuclei presented structural rearrangements that were not detected in
zygotic ES cells. The average rate of insertions and deletions (pooled) per ES cell
was 7.7, 0 and 0% for 4 N NT, 2 N NT and for zygotic ES cells, respectively.
Taking also bona fide chromosomal translocations into account, the average total
rate of structural rearrangement rises to 29.9 and 20.0% for 4 N NT and 2 N NT
ES cells, respectively, while it remains 0% for zygotic ES cells. These figures
indicate that the cloning procedure leaves a genetic mark on derivative ES cells,
in contrast to the prevalent view that cloned and zygotic ES cells are indistin-
guishable from each other [25, 26]. It is tempting to ascribe the chromosomal
rearrangements to recombination events, since metaphase II oocytes have residual
recombinogenic activity [27, 28]. In zygotes, the maternal and paternal genomes
are physically separated from each other as DNA replication takes place during the

1 ES Cell Lines from Tetraploid Mouse Blastocysts 9



first cell cycle, whereas in a cloned embryo, the two somatic genomes as well as
the maternal and paternal chromosomes are mixed in the pronuclei that form after
SCNT.

We derived six lines of 4 N NT ES cells, all of which were alkaline phos-
phatase-positive, suggestive of pluripotency. To test for actual pluripotency, we
subjected the ES cells to EB and teratoma formation. Differences became apparent
between 4 N NT ES cells and the conventional (2 N) ES cells. When ES cells are
forced to aggregate in hanging drops of medium lacking Lif, they form spheroids
whose cells undergo differentiation. The course of differentiation can be conve-
niently followed by Oct4 promoter-driven GFP expression without having to
consume the EBs. Using this transgenic strategy, we observed that the 4 N EBs
expressed GFP much longer compared to 2 N counterparts. This observation is in
line with that of Luo and colleagues, who generated 4 N ES cells by colcemid
treatment, and observed that these cells retained their pluripotency after LIF has
been withdrawn [29]. Furthermore, we observed differences of teratoma formation
after subcutaneous injection of 4 N NT ES cells in severe combined immunode-
ficient (SCID) mice. Teratomas are tumors composed of a variety of endodermal,
mesodermal, and ectodermal tissues, arranged in a chaotic manner [30]. Hence, ES
cells must differentiate in order to form teratomas. 4 N NT ES cells gave rise to
teratomas, but it took longer and the penetrance was lower compared to 2 N NT
ES cells.

At this stage, we cannot explain how the 4 N NT ES cells express the properties
described above. It may be noted that 4 N NT ES cells are not simply endowed
with double the amount of DNA, but have four alleles per gene instead of two.
This feature is generally expected to lower the gene expression noise in many gene
networks [31] and to make it more difficult to switch off pluripotency genes during
cell differentiation. One of these genes is Oct4 [32], located on mouse
chromosome 17. It has been shown that Oct4 is a dose-dependent oncogenic fate
determinant in mouse ES cells [33]. High Oct4 levels increase the teratogenic
properties of ES cells, while Oct4 inactivation induces regression of the teratomas.
Thus, the fact that 4 N NT ES cells are not more prone to form teratomas than the
2 N counterparts is puzzling.

The refractoriness of 4 N NT ES cell to form teratomas is interesting in the
context of ES cell potential and its relationship to the moral status of ES cells.
In principle, ES cells can reproduce the whole organism, whether via tetraploid
embryo complementation [15, 16] or, in the future, maybe even by the formation
of functional germ cells [34]. This is possible because ES cells are capable of
‘epigenesis’—the ability to produce structured complexity. Hans-Werner Denker
elaborated on this feature in great depth, remarking that ES cells ‘‘tend to
autonomously create complexity by initiating pattern formation processes (self-
organization in embryological terms) whenever they start cell differentiation, even
in vitro or after transplantation to ectopic sites (teratoma formation)’’ [35].
Pending confirmation that our 4 N NT ES cells are refractory to form teratomas,
these ES cells are envisaged to provide a solution—if only partial—to the ethical
dilemma of ES cells, as follows: reproductive cloning would never be possible
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using 4 N NT ES cells, as tetraploidy is well known to be not permissive of full
development in mammals. Reports of human gestations resulting in 4 N liveborn
infants are extremely rare and do not indicate if all tissues, or just some (mosaicism),
were 4 N [36].

Taken together, our data indicate that a single ooplasm reprograms two somatic
cell nuclei to pluripotency. The 4 N ICM is vital and developmentally competent,
since it gives rise to ES cells. These data challenge the notion that diploid ES cell
transplanted to a 4 N blastocyst would form the fetus entirely on their own [15, 16].
We further learn from our data that a doubled number of chromosomes is not
necessarily leading to ‘catastrophic mitoses’ [37, 38]. Since ES cells express a very
high proliferation rate, the instances of mitotic errors would even be more frequent
and thereby easier to observe. Twice the normal number of chromosomes in an ES
cell does not per se increase the risk nor exacerbate the severity of tumor formation,
as measured in the teratoma model.

In prospect, placing two nuclei in the same cytoplasmic environment allows to
compare them on the same level - something that has not been possible so far in
SCNT. This opportunity will help to clarify if the two genomes are processed
equally by the reprogramming machinery, ultimately addressing the question of
whether oocyte-mediated reprograming is a stochastic process or not. Pursuing this
opportunity will undoubtedly rely on the method of double nuclear transfer, but also
will require the development of new tools, for example to distinguish the two nuclei
in such a way that it is possible to ascribe their origin to one genome or the other.

1.4 Materials and Methods

1.4.1 Mouse Handling and Gamete Recovery

Mice were maintained and used for experiments according to the ethical permit
issued by the Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV) of
the State of North Rhine-Westphalia, Germany. Oocytes from B6C3F1 mice aged
6–8 weeks were used for somatic cell nuclear transfer (SCNT) and for intracy-
toplasmic sperm injection (ICSI). Cumulus cells from equally aged B6C3F1 or
OG2 mice were used as nucleus donors for SCNT, the latter expressing an Oct4
promoter-driven GFP transgene (OG2; CBA-Tg(Pou5f1-EGFP)2Mnn/J, JAX
stock number 004654; [39]). These mice were injected with 10 IU each of PMSG
and hCG 48 h apart at 5 pm, and sacrificed by cervical dislocation 14 h after hCG
injection to recover cumulus-oocyte complexes from the oviducts. Cumulus-
oocyte complexes were handled in Hepes-buffered CZB (HCZB) medium,
as previously described [13]. Oocytes were separated from cumulus cells by
treatment with 50 IU/mL hyaluronidase in HCZB, aided by gentle pipetting with a
mouth-operated micropipette. Oocytes were placed in embryo culture medium,
consisting of a-modified Eagle’s medium (a-MEM; M4526 Sigma) supplemented
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with 0.2% w/v BSA (Pentex; Serological Proteins Inc., Kankakee, IL, USA) and
50 lg/mL gentamicin sulfate, at 37�C and under 5% CO2, until use. Cumulus cells
were left in hyaluronidase and kept at 4�C until SCNT. Sperm was recovered from
mature B6C3F1 males by swim-up in Whittingham medium, and incubated 2–3 h
prior to ICSI. Severe combined immunodeficient (SCID) mice of either gender
were bred in house and aged 6–7 weeks for use in the subcutaneous transplantation
of ES cells.

1.4.2 Double Nuclear Transfer, ICSI, and Embryo Culture

Micromanipulations and embryo culture were performed at 30�C (room temper-
ature), as previously described [40]. For SCNT, oocytes were first ‘enucleated’
(spindle-chromosome complex removed) before injection of one or two cumulus
cell nuclei in the ooplasm, using a piezo-driven micropipette under Nomarski
optics. The nucleus-transplanted oocytes were activated for 6 h in calcium-free
a-MEM supplemented with 10 mM SrCl2 and 5 lg/mL cytochalasin B. ICSI of
one or two sperm heads was performed to generate 2 N and 4 N fertilized
embryos, respectively; for the latter, extrusion of the second polar body was
prevented by cytochalasin B. Embryos were placed in a-MEM and cultured at
37�C under 5% CO2. On day 4 after activation, SCNT and ICSI blastocysts were
processed for ES cell derivation.

1.4.3 Derivation and Culture of ES Cells

Derivation of ES cell lines from SCNT blastocysts was performed as described
previously [41]. After the zonae pellucidae had been removed in Tyrode’s acidic
solution (Sigma), blastocysts were transferred onto a feeder layer of c-ray-
inactivated mouse embryonic fibroblasts—MEFs (C3H background; 30 Gray
irradiation dose) previously grown to confluency in 4-well dishes. At day 4 after
plating, blastocysts had attached to the feeders and formed trophoblastic out-
growths. The cell clumps located at the center of the outgrowths were removed
with a polished glass pipette, dissociated by trypsinization and transferred onto
fresh feeder cells in a 96-well plate. Passage zero ES cells (after initial plating of
the dissociated ICMs) were grown for six days in culture and further expanded by
subsequent passaging (2–3 days) onto larger well sizes. ES cell culture medium
consisted of knockout DMEM with 15% fetal bovine serum, glutamine and
penicillin/streptomycin, nonessential amino acids, mercaptoethanol, 2000 Units/
mL leukemia inhibitory factor (Lif), and 50 lM MEK1 inhibitor (PD98059). From
passage 3 of ES cell culture the MEK1 inhibitor was omitted.
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1.4.4 Alkaline Phosphatase (AP) Staining

The AP staining was performed following the protocol modified from Bernstine and
colleagues [42]. Briefly, the culture plate with ES cell colonies on MEFs was
thoroughly washed with 19 PBS and fixed with 4% paraformaldehyde in PBS 1X
for 2 min. Fixative was removed and the plate rinsed with 1X rinse buffer (20 mM
Tris–HCl, pH 7.4, 0.15 M NaCl, 0.05% Tween-20). The rinse buffer was removed
and replaced with stain solution (0.4 mg/mL naphthol phosphate and 1 mg/mL Fast
Red TR salt in Tris-maleate buffer 25 mM, pH 9), followed by incubation in the
dark at room temperature for 15–30 min. AP positive colonies of cells stained red.

1.4.5 Karyotype Analysis

Karyotype analysis was performed with the air-drying preparation method for
metaphase chromosome spreads [43] to determine the exact number of chromo-
somes of the ES cells. Briefly, the 4 N NT ES cells as well as a 2 N control cell
lines were cultured in 6 cm dishes for three days. At this point, nocodazole was
added to the culture medium (0.3 lg/ml) and the cells were incubated for 4–5 h to
arrest in metaphase. The cells were washed, trypsinized, spun down and the pellet
was resuspended in a 0.56 % hypotonic KCl solution. After 20 min incubation at
room temperature, the cells were spun down again and the supernatant was gently
removed. Pellets were fixed with ice-cold methanol:acetic acid (3:1) and kept at
4�C until further processing for chromosome spreads. The spreads were made by
dropping the cell suspensions (30 ll drop) on glass slides and letting them dry out.
The spreads were stained with Hoechst 33342 dye (1 lg/ml in PBS) and mounted
in Vectashield. Pictures of the spreads were taken on a Nikon TE2000 fluorescence
microscope.

M-FISH analysis was performed for greater chromosome detail. Mouse chro-
mosome-specific painting probes were combinatorially labeled using 7 different
fluorochromes and hybridized as described [44]. Metaphase spreads were exam-
ined using a Leica DM RXA epifluorescence microscope (Leica, Bensheim,
Germany) equipped with a Sensys CCD camera (Photometrics, Tucson, AZ) and
controlled by the Leica Q-FISH software (Leica Microsystems Imaging Solutions,
Cambridge, UK). Image processing and karyotyping were performed using the
Leica MCK software.

1.4.6 Ploidy Analysis by FACS

The ploidy status of ES cells was determined by flow cytometry. Cells were
prepared and stained with DAPI using the CyStain DNA 2 step kit (Partec GmbH,
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Münster, Germany) and analyzed on a FACSAria cell sorter equipped with a
375 nm laser (BD Biosciences). Data was analyzed using FlowJo software (Tree
Star Inc.).

1.4.7 Embryoid Body (EB) Assay

Embryoid bodies were produced using the hanging drop method after feeder cell
removal by sedimentation, using 500 ES cells per 20 ll medium without Lif. After
three days in culture, EBs were plated on gelatinized plates for endoderm and
mesoderm differentiation, and on matrigel-coated plates for ectoderm
differentiation.

1.4.8 Teratoma Assay

The teratoma assay was performed to assess the ability of ES cells for tumor
formation. Most ES cell lines form tumors when injected into immunodeficient
mice [30]; these tumors are reminescent of the teratomas forming in the testes of
strain 129 mice [14]. ES cells were cultured for three days under Lif conditions,
washed, trypsinized, and collected. The cell suspension was transferred to a new
gelatinized dish and the feeders were allowed to attach (sedimented) for one hour.
After this time, most feeders have attached and the supernatant contains 90–95%
ES cells. The ES cells were spun down and resuspended in a small volume of ES
cell medium for subcutaneous injection into a mouse (106 cells in a volume of
200 ll). This cell suspension was injected in the dorsal neck region of SCID mice.
The mice were returned to their cages and kept under normal conditions. After four
weeks from the injection, mice were visually inspected for teratoma formation in
the neck region.

1.4.9 Statistical Analysis

Statistical comparisons were performed using the v2 test.
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Chapter 2
The Significance of Culture Adaptation
of Embryonic Stem Cells for Regenerative
Medicine

Neil J. Harrison, Duncan Baker and Peter W Andrews

Abstract The promise that human embryonic stem (ES) cells hold for regenerative
medicine has generated much excitement since their initial derivation. However,
before the potential of these cells can be realised, efficient differentiation protocols
must be devised, and the cells should be shown to pose no safety risk. Despite initial
reports suggesting that human ES cells are karyotypically stable, during the last
decade it has become apparent that they do acquire genetic and/or epigenetic
changes during culture, reflecting an adaptation to life in vitro. This culture adap-
tation can affect ES cell growth and differentiation, but of particular concern is
the potential link between adaptation and cancer, which would become an issue if
the cells are to be used for transplantation. In this chapter we discuss the issues
surrounding culture adaptation of ES cells, and the potential impacts, both positive
and negative, it may have on the use of these cells for regenerative medicine.

2.1 The Principles of Culture Adaptation

..natural selection is daily and hourly scrutinising, throughout the world, the slightest
variations; rejecting those that are bad, preserving and adding up all that are good; silently
and insensibly working, whenever and wherever opportunity offers, at the improvement of
each organic being in relation to its organic and inorganic conditions of life—Charles
Darwin, The Origin of Species (1870).

N. J. Harrison � P. W. Andrews (&)
Centre for Stem Cell Biology, Dept Biomedical Science,
The University of Sheffield, Sheffield, UK
e-mail: p.w.andrews@sheffield.ac.uk

N. J. Harrison
e-mail: N.J.Harrison@sheffield.ac.uk

D. Baker
Sheffield Diagnostic Genetic Services, Sheffield Children’s NHS Trust, Sheffield, UK

H. Baharvand and N. Aghdami (eds.), Advances in Stem Cell Research,
Stem Cell Biology and Regenerative Medicine, DOI: 10.1007/978-1-61779-940-2_2,
� Springer Science + Bussines Media, LLC 2012

17



The derivation of embryonic stem (ES) cells was achieved almost a century
after Darwin’s death, yet the evolutionary principles he described are inescapable
in their maintenance. The ability to self-renew is one of the defining characteristics
of ES cells, yet they are not resistant to mutation, and as such evolutionary
pressures during culture will invariably lead to the generation of variant cells with
improved growth capacity. The selection of cells is evident from the initial deri-
vation of an ES cell line, since generation of an immortal cell line from the
transient population of inner cell mass (ICM) cells in the blastocyst stage embryo
requires some adaptation, albeit that, at least, initially such changes can be
reversed to allow, in the laboratory mouse, the generation of germline chimaeras if
ES cells are returned to a developing blastocyst. However, ES cells can continue to
‘evolve’ during their time in vitro, a process termed culture adaptation.

The culture adaptation of ES cells must then involve two, potentially inde-
pendent, phenomena: mutation and selection. Without selection, and in the
absence of a population bottleneck, such as cloning, a mutation would never reach
sufficient levels in the population to be detected, and without mutation, no variants
would exist. The selection pressure for advantageous mutations must be quite high
since, assuming a routine passage ratio of 1:3 every 3–4 days, and a cell cycle time
of 16 h, it is likely that upward of 90% of cells must be lost between passages.
One study has used a Monte Carlo simulation to assess the relationships of these
are key factors in ES cell growth [1]. In this study, the selective advantage of the
variant cells that commonly appear in ES cultures was assessed by spiking cultures
with cytogenetically abnormal cells and then comparing the rate at which they
overgrew the culture with predictions from the simulation. Indeed the selective
advantage of the variant cells was high and variant cells typically predominant in
cultures within 10–15 passages, sometimes less. From this it was estimated that
human ES cells acquire beneficial mutations at a rate of approximately 1 x 10-6.
This rate is similar to that reported for other cell types [2], though the short cell
cycle time for ES cells perhaps makes them more prone to the acquisition of such
mutations. Selection is more difficult to quantify, though it has the potential to be
quite significant. With a large opportunity for selection, and seemingly frequent
mutation, human ES cells are obviously strongly subject to adaptation.

2.2 Culture Adaptation and Cancer

The culture adaptation of ES cells increases their growth capacity in culture, which
has indeed been observed during the prolonged passage of human ES cells [3].
For a stem cell, this increase in growth capacity must result from an increased
propensity for self-renewal, which would increase the stem cell pool, over dif-
ferentiation and/or death, which would decrease the stem cell pool. A similar shift
in cell fate would benefit cancer cells, particularly cancer stem cells, since the
evolution of a phenotype strongly biased towards self-renewal in a cancer stem cell
would result in a highly aggressive tumour. With this in mind, it is notable that the
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genetic changes most frequently reported in culture adapted ES cells are also com-
monly observed in embryonal carcinoma (EC) cells, their malignant counterparts
and the stem cells of teratocarcinomas [4, 5]. Teratocarcinomas are germ cell
tumours (GCT) that occur most commonly as a testicular cancers (TGCT), and are
perhaps the first examples of a stem cell-based cancer. Here, Kleinsmith and Pierce
[6] showed that a single EC cell from a murine teratocarcinoma could recapitulate the
original tumour when transplanted to a syngeneic recipient mouse. It should be noted
that when culture adapted human ES cells are allowed to form teratomas in im-
munecompromised mice, the tumours tend to behave more like teratocarcinomas,
retaining a stem cell component that can be excised and re-cultured [7, 8].

The karyotypic changes most frequently seen in ES and EC cells are the gains
of material from chromosomes 12 and 17 (Fig. 2.1), particularly the p arm of
chromosome 12 and the q arm of chromosome 17 [4]. The gain of material from
chromosome 12p is also common in TGCT, so much so that it is considered
diagnostic for this malignancy. In TGCT, the gain of material from chromosome
12p is mainly from 2 amplicons, 12p11.2-12 [9, 10] and 12p13 [11], and the
specific amplification of 12p13 has also been seen in a culture adapted iPS cell line
[12]. The potential candidate genes in the 12p13 band include GDF3, DPPA3,
CCND2 and NANOG. NANOG and GDF3 were shown to be overexpressed in the
culture adapted iPS cells with 12p13 amplification, and forced overexpression of
NANOG has previously been shown to maintain human ES cells in an undiffer-
entiated state [13]. However, not all culture adapted cells show an increase in
NANOG [14, 15], including those which are trisomic for chromosome 12
(Alagaratnam et al., in preparation), suggesting that there may be a number of
ways in which ES cells can adapt to culture.

The amplicons on chromosome 17 in TGCT were originally identified as
17q11-21 and 17q24qter [16], though recent work [17] suggested the region
17p11.2-q21.32 is most commonly amplified in EC cells. These data are in general
agreement with the amplicon suggested for culture adapted human ES cells,
approximated as 17q21-qter [4]. In particular, the terminal end of 17q (q25-ter) has
been implicated in human ES cell culture adaptation, with reduced expression of
Survivin (BIRCS) inducing apoptosis [18]. However, a small amplicon at 17p11.2
has also been identified in human ES cells. Amplification of this region has been
reported in two independent human ES cell lines, and in one case as a homoge-
neous staining region (HSR), a cytogenetic representation of genetic amplification
that is almost unique to cancer cells. The amplification of this region has also been
reported in breast cancer [19] retinoblastoma [20], and frequently in osteosarcoma
[21], suggesting this region may contain gene(s) which can impact on cell fate.

Aside from the changes on chromosomes 12 and 17, gains of material from
chromosomes 1, 20 and X have also been seen with relative regularity. On
chromosome 20, an amplicon at 20q11.21 has been identified through array-CGH
by a number of groups [22–24] and may hold most promise for identifying specific
genes involved in adaptation. The use of array-CGH technology has helped to
identify and refine the common regions of genetic change in human ES cells, yet
confirms the earlier karyological reports that chromosomal gain is far more
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frequent than chromosomal loss in these cells. This may reflect a quirk in the DNA
repair machinery of human ES cells, or suggest that increased gene expression
may be more readily achieved through DNA amplification than epigenetic
mechanisms in these cells.

Fig. 2.1 Karyotypic abnormalities in hES cells. a The percentage of karyotypically abnormal
cell lines (mosaic cultures are considered abnormal) compared against passage number.
As passage number increases, so does the percentage of abnormal lines. b The percentage of
abnormalities, per chromosome, reported for hES cells. The most common abnormalities are
highlighted, and are associated with chromosomes 12, 17, 20 and X. Data shown is from the
International Stem Cell Initiative (ISCI) study [39]
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2.3 Culture Adaptation and Regenerative Medicine

The use of stem cells in regenerative medicine will require their efficient differ-
entiation into the cell type(s) of interest. Culture adaptation may change fate
propensities in ES cells, biasing them not only against differentiation per se, but
also potentially against differentiation along certain lineages. Human ES cells are
not islands, these cells will be influenced by their neighbours, and the signals that
they provide. As such, to survive as a stem cell, it would be beneficial to be
surrounded by cells that provide signals that facilitate self-renewal, as opposed to
those that encourage death or differentiation. Here, it is of interest that some
culture adapted cells seem to be biased against endoderm differentiation [25], since
endoderm cells are known to produce bone morphogenetic proteins (BMPs) which
can cause human ES cell differentiation [26]. This offers an obvious mechanism by
which variant cells could acquire a selective advantage, and would prove an
obstacle to those trying to differentiate the cells to, e.g. pancreas or liver.

2.4 Identification of Culture Adapted ES Cells

The concerns associated with using culture adapted cells in regenerative medicine
mean that methodologies to detect these cells, and/or mimimise the likelihood of
their appearance, have become increasingly important. In this regard, defining
what exactly constitutes ‘culture adapted’ is a fundamental question, yet one which
is still without a definitive answer.

If one assumes that for a mutation to reach detectable levels it must bestow a
growth advantage on the variant cell, then the identification of culture adapted ES
cells could be achieved based on mutation. With karyotyping services readily
available and array-CGH becoming more accessible, any change in DNA content
can be observed. In addition, the advent of sequencing technologies may also
allow identification of point mutations, or any novel splice variants. However, to
demonstrate that a mutant has spread through a population requires regular
monitoring, and the procedures to detect mutations are destructive to the cells. The
use of CD30 as a marker for karyotypically abnormal cells was suggested [27],
since this can be detected on live cells, yet subsequent results have shown that
CD30 is not always associated with aneuploidy [28, 29]. In any case, altered gene
expression patterns can also be acquired by epigenetic changes in the absence of
detectable genetic changes. Although imprinting patterns tend to be fairly stable in
human ES cells [30, 31] marked changes in DNA methylation patterns have been
reported [32, 33]. A further example is the reported loss of X-chromosome inac-
tivation upon adaptation leading to the functional overexpression of X-linked
genes in the absence of any identifiable karyotypic change affecting that chro-
mosome [14].
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Functional tests likely present the best way to show that a cell has adapted, yet
the assay(s) of choice have still to be decided. Across a number of studies, culture
adapted cells have shown decreased apoptosis, increased cloning efficiency, lack
of growth factor dependence, reduced differentiation and increased clonogenicity
[14, 27, 34], yet sometimes there is discrepancy. For example, [29] showed no
difference in apoptosis between a culture adapted subline and its karyotypically
normal sister line. Perhaps a more simple way to show that a variant cell has a
growth advantage is to mix it with an early passage sister line, and monitor its
spread through the culture.

A further issue to be considered when assaying for adapted cells is their in vitro
environment. Human ES cells are maintained in a number of different ways, with
variation in substrate, media and passaging strategy, so that certain conditions are
likely to promote/reduce the selection of certain mutants. Anecdotally, manually
passaging human ES cells was assumed to guard against genetic change, and the
work of [35] did suggest that when human ES cells are passaged manually they
retain a normal karyotype, yet this study does not factor in population size. Manual
passaging generally involves transfer of fewer cells on passage than bulk dissa-
gregation techniques, so that the chances of propagating a relatively rare mutation
are much decreased. Indeed, [1] showed that population size alone can have a
major impact on the likelihood of acquiring a culture adapted cell line. Interest-
ingly, this study also revealed that the maintenance of human ES cells in small
cultures as opposed to large cultures reduced the probability of abnormal cell
appearance. However, one must also remember that the most common changes
observed in culture adapted ES cells (i.e. gain of material from chromosomes 12
and 17) are also seen in TGCT, which are maintained in very different conditions.
Thus these particular mutations seem to provide stem cells with an intrinsic growth
advantage, and may be very difficult to completely avoid. On the other hand,
altered culture conditions might also affect the mutation rate.

2.5 Can Culture Adapted Cells be Utilised
in Regenerative Medicine?

It is unlikely that mutation in ES cells will ever be completely prevented, and so
eventual culture adaptation after a period in culture is perhaps unavoidable. Given
this, it is pertinent to ask how hazardous these cells may be, and whether, in fact,
culture adaptation actually presents any opportunities for research and regenerative
medicine.

Inevitably, the initial derivation of immortal human ES cell lines must involve a
degree of adaptation, although this might be expected to be initially reversible
given the experience of using mouse ES cells to produce germ line chimeras and
genetically altered mice. Thus, at no point is any ES cell line identical to those
cells which exist in the ICM of the embryo. Further, although culture adapted cells
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may show tumourigenic behaviour when undifferentiated, there is no guarantee
that the growth advantage which afforded their selection will persist when the cells
are differentiated. In other words, if those pathways affected by adaptation are
intrinsic to the stem cell state, then they will no longer be active when the cells
differentiate, and as such these cells will likely behave as normal somatic cells.
Since it is unlikely that undifferentiated cells would themselves be used in therapy,
then these cells may not pose a safety risk, provided that there are adequate
methods for ensuring that no undifferentiated cells persist in preparations of their
differentiated derivatives for transplantation. However, since many of the genetic
changes that underlie adaptation involve large chromosomal fragments, it may be
that genes involved in driving stem cell adaptation might have other consequences
for differentiated cells. It will therefore be essential that assays that assess the
growth potential of differentiated culture adapted cells, and also the tissue stem
cells formed from variant ES cells, are performed.

Apart from their applications in regenerative medicine, a more immediate use
for differentiated cells derived from ES cells, and iPS cells, is in toxicology and
drug screening in the pharmaceutical industry. Since culture adaptation has the
effect of increasing the propensity of stem cells for self-renewal, it may then offer
the practical advantage of making the cells easier to maintain. Toxicology screens
using ES cells are likely to require large-scale productions of homogeneous cell
populations, and these may be more easily achieved using culture adapted cells.
Of course it would be essential to confirm experimentally that the adaptive
changes in the stem cells do not significantly affect the behaviour of their differ-
entiated derivatives in the particular application for which they are to be used.

2.6 Culture Adaptation as a Tool to Study Stem Cell Fate

To maximise the potential of ES cells, it is imperative that their basic biology is
fully understood. Culture adaptation must change the fate of potential ES cells, and
as such this process may provide an insight into pathways that affect cell growth.
Further, considering the similarity between culture adapted ES cells and EC cells
of TGCT, it seems plausible that this in vitro process may act as a model to study
this cancer. The use of culture adapted cells may be particularly useful here, since
these cells show only a small number of genetic changes compared to the highly
aneuploid TGCT. Speculatively, bearing in mind the alleged transcriptional sim-
ilarity between ES cells and cancer cells [36], it is possible that culture adaptation
may also act as a paradigm for other cancers, particularly those with a stem cell
component.

At present, there is little information relating to the molecular pathways
affected by culture adaptation. From the common amplicons it is possible to pick
potential candidate genes, but testing these genes, and their up- and down-stream
targets, is not a trivial matter in human ES cells. Genetic manipulation will exert
pressures on ES cells, which could promote culture adaptation, making results
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difficult to interpret. The issue is further complicated by the fact that adaptation
could occur in many ways. A number of mechanisms appear to exist through
which pluripotency pathways and/or survival pathways can be regulated, any of
which could be the target of an adaptive change. This highlights the earlier point
that culture adapted cells may have a range of phenotypes, making their identi-
fication challenging.

2.7 Summary

The culture adaptation of human ES cells is an inescapable truth. These cells are
maintained in sub-optimal conditions, and over time variant cells will inevitably
arise which show an increased growth capacity, and will overtake their normal
neighbours. Certain passaging strategies, and of course reduced culture time, are
likely to reduce the chances of generating abnormal cells, yet since it appears that
at least some adaptive advantages are intrinsic to stem cell behaviour, such
methods will only act to stem the tide for so long. Based on their similarity to
human ES cells, the same principles will likely apply for iPS cells, and indeed a
number of groups have reported mutations in these cells [37, 38]. It is then
important to understand the potential problems culture adaptation may cause for
regenerative medicine, and also to grasp the opportunities this process may
provide.

One of the most concerning issues is the relationship between culture adapta-
tion and oncogenesis. Culture adapted cells have been shown to acquire the same
changes as those observed in EC cells, their malignant counterparts, and a number
of their behaviours (e.g. increased clonogenicity, reduced apoptosis) are associated
with transformation. However, at present, it is not known whether the growth
changes observed in culture adapted cells will still manifest when the cells are
fully differentiated. Since it is unlikely that undifferentiated cells would be used in
therapy, it is possible that the adaptive changes active in the stem cells would have
no impact on somatic cells. If this were true, then culture adapted cells may still be
suited to therapy, particularly since they are much easier to maintain and expand.
However, this would need to be assessed on a case-by-case basis. There are
concerns regarding the differentiation potential of the adapted cells, since evidence
suggests they may be biased towards, or against certain lineages. Although this
may be the case, Melton and colleagues have already reported differing differen-
tiation propensities between different ‘normal’ lines, making adapted lines no
more problematic than those already available.

The culture adaptation of ES cells must bias their fate towards self-renewal, and
away from differentiation or death. As such, adaptation provides an insight into
the fundamental biology of these cells, and also potentially cancer stem cells.
The relatively small number of changes observed in these cells should help hone
the search for amplicons, and genes of interest, in TCGT in particular. The variety
of manners through which adaptation can occur could in fact shed light on a
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number of pathways which could impact on stem cell fate, influencing both
regenerative medicine and oncological stem cell research.
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Chapter 3
Biomanufacturing Human Pluripotent
Stem Cells for Therapeutic Applications

Xiaojun Lian and Sean P. Palecek

Abstract Human embryonic stem cells (hESCs) and human induced pluripotent
stem cells (iPSCs) can be propagated indefinitely and have the potential to
differentiate to all cell types of the body. In addition, patient-specific human iPSCs
and hESCs containing point mutations in genes that cause disease can be used to
study diseases that have no adequate human in vitro or animal models. Harnessing
the potential of these cells holds promise for future applications in cell therapy and
regenerative medicine. Common methods of expanding and differentiating human
pluripotent stem cells (hPSCs), including hESC and iPSC, require serum, mouse or
human feeder cells, or feeder-conditioned medium. These methods are labor
intensive and hard to scale, and sources of variability including growth factor
fluctuations during preparation and culture complicate large-scale hPSC bioprocesses.
Biomanufacturing cells from hPSCs requires development of fully defined,
xeno-free culture medium and substrates formulated with human-derived, human
recombinant proteins or chemically synthetic substrates under cGMP and
improved processes for monitoring cell status and genomic stability during
expansion and differentiation. In addition, robust and scalable differentiation
methods must be developed. This chapter discusses recent progress and remaining
challenges facing production of hPSC-derived cells.
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3.1 Development of Defined Culture Systems

3.1.1 Defined Media for hPSC Expansion

3.1.1.1 Identification of Soluble Factors Regulating hPSC Self-Renewal

The first isolated human embryonic stem cell lines [1] were cocultured with mouse
embryonic fibroblast (MEF) feeder cells in medium containing fetal bovine serum
(FBS). This initial culture system requires manual selection of individual compact
undifferentiated colonies by micropipette selection during each passage. This
protocol is extremely labor-intensive and infeasible to scale. Patient-specific
human iPSCs [2, 3] and hESCs containing point mutations [4] in genes that cause
disease require similar culture conditions as normal hESCs. In the early stages of
hESC culture, the critical factors important for maintaining undifferentiated states
of hESCs were gradually clarified. These factors have led to development of
robust, defined media for hPSC culture which are replacing the MEF-coculture
system as the preferred hPSC culture platform.

In most hESC culture conditions, BMP-like activity in the medium is the
dominating differentiation-inducing factor [5, 6]. FGF2 (bFGF) and activin/Nodal/
TGFb1, which inhibit or counteract BMP-like activity, are commonly supple-
mented to hESC culture medium to repress spontaneous differentiation [7].
Activin/Nodal/TGFb signals directly regulate expression of pluripotency gene
Nanog [8, 9] to facilitate hPSC self-renewal.

3.1.1.2 Development of Fully Defined Media for hPSC Expansion

Fully-defined expansion conditions are crucial for robust expansion of hPSCs for
therapeutic applications (Table 3.1). Vallier et al. reported an IMDM/F12-based
chemically defined medium (CDM), which contains bFGF and Activin A/Nodal, and
is used in conjunction with a FBS-derived extracellular matrix (ECM) [10]. The use of
FBS as a matrix, which is undefined and variable in composition, is not ideal for large-
scale biomanufacturing applications. bFGF and Activin A are thought to promote
self-renewal synergistically by repressing the BMP-like activity [10]. However,
20 ng/ml bFGF itself was found to be sufficient for sustaining hESC self-renewal in
another basal medium, N2B27, on Matrigel [11]. The animal substrate Matrigel, a
complex undefined mixture of extracellular matrix proteins and growth factors
derived from Engelberth-Holm-Swarm tumor basement membrane [12], is often used
as an hPSC culture substrate, but it is undefined and must be subject to costly testing to
ensure performance of supporting hPSC self-renewal and lack from pathogens.

In order to achieve hESC expansion in fully defined culture conditions, hESCs
have been cultured on human fibronectin in defined HESCO medium containing
bFGF, insulin, transferrin, Wnt3a, April or BAFF, albumin, and 2.59 cholesterol
lipid supplement [13]. This fully defined system supports hESC self-renewal and
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normal karyotype for at least 24 passages. hESCs can also be expanded on col-
lagen I in an ESF medium containing LIF, FGF2, ascorbic acid, heparin sulfate for
at least 25 passages [14].

Insulin-like growth factors also play a key role in maintaining pluripotency.
Wang et al. revealed that conditioned medium (CM) from MEFs mediates hESC
proliferation by triggering IGF1R/IR and ERBB-family tyrosine phosphorylation
which they showed was indispensible for hESC self-renewal [15]. Thus, they
included IGF1R and ERBB2 ligands, LR-IGF1 and the EGF domain of heregulin-1b,
along with FGF2 and Activin A in their defined medium, called DC-HAIF in the
article and later commercialized as StemPro. Using this medium and fibronectin as
a matrix, the authors were able to maintain hESCs in an undifferentiated state for
9 months and cells cultured for 6 months could form teratomas when injected in
mice. These studies indicate that hESCs can be maintained on different types of
defined matrix in conjunction with corresponding defined media.

Ludwig et al. developed a DMEM/F12-based defined medium, named TeSR,
that contains bFGF, TGFb1, LiCl, GABA, and pipecolic acid for long-term self-
renewal and derivation of hESCs [16]. These conditions completely eliminated the
use of animal products such as nonhuman sialic acid, Neu5Gc, which is a sig-
nificant step forward in developing a robust and scalable biomanufacturing process
for hPSC expansion. Furthermore, they used the defined medium and matrix to
derive two new cell lines from just five blastocysts. However, both hESC lines
generated were karyotypically abnormal; this may be attributable to the enzymatic
dissociation used to passage the cells [17].

Although TeSR could be used in the complete absence of animal proteins, the
inclusion of human serum albumin and human-sourced matrix proteins makes
those conditions extraordinary expensive, impractical for routine use, and not
completely defined because of albumin’s ability to bind lipids and other impurities
[18]. Chen et al. [19] examined pairwise interactions between each factor present
in TeSR and developed a b-mercaptoethanol (BME) and serum albumin-free
medium. By using this new medium (E8) and vitronectin-coated substrates,
improved generation of human iPSCs has been shown. However, derivation of
karyotypically normal new human embryonic stem cell lines has not yet been
demonstrated in this system.

3.1.2 Defined Substrates for hPSC Expansion

3.1.2.1 Extracellular Matrix-Based Substrates

While Matrigel and other extracellular matrix proteins remain the gold standard
for hPSC culture, substantial progress has been made in engineering matrices to
support hPSC self-renewal in recent years. However, many of these defined
matrices require the use of a particular complementary culture medium, suggesting
interplay between matrix and soluble factors in regulating cell pluripotency.
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A better understanding of this interplay is needed to develop robust matrices
compatible with multiple culture media. One ECM protein, human vitronectin,
which binds avb5 integrin on the undifferentiated hESC surface, has been shown to
support hESC long-term self-renewal with MEF conditioned medium and mTeSR1 [20].
Truncated forms of vitronectin, including N-terminal and C-terminal truncated
VTN-NC and N-terminal truncated VTN-N, were found to support hPSC attach-
ment and survival better than wild type vitronectin [19]. Furthermore, VTN-NC in
conjunction with E8-based medium supported improved iPSC reprogramming
efficiencies compared to culture with mouse fibroblast feeder cells, in FBS-
containing medium, or in TeSR [19].

Another ECM protein, human laminin-511 (LN-511) promotes hESC, and
hiPSC self-renewal in several chemically defined media, including TeSR1 and
StemPro [21]. Adhesion of hESCs to LN-511 is dependent on the a6b1 integrin.
In addition, LN-511 has been shown to support blastocyst inner cell mass
attachment and spreading, suggesting that this matrix may be suitable for deri-
vation of new hESC and iPSC lines as well as expansion of existing lines.

The ability of vitronectin and laminin-derived proteins to support hPSC self-
renewal highlights the importance of cell–matrix interactions in hPSC expansion.
Cell–cell contact mediated by E-cadherin may also play a key role in self-renewal
of hESCs. Nagaoka et al. showed that a plate coated with a fusion protein of
recombinant human E-cadherin and the IgG Fc domain performed almost identi-
cally to Matrigel for hESC culture, based on the criteria of cell morphology,
doubling time, expression of pluripotent markers, and differentiation ability [22].
hE-cadherin-Fc was shown to support hESC self-renewal for 53 passages in
defined mTeSR1 medium and these cells were able to generate teratomas in severe
combined immunodeficiency (SCID) mice. The mechanisms by which these
hE-cadherin-Fc surfaces stimulate intercellular communication pathways to reg-
ulate pluripotency are not yet clear, but they provide a promising platform for
hPSC expansion and differentiation.

3.1.2.2 Synthetic Substrates

Synthetic non-biological matrices would likely offer lower cost and better
reproducibility and scalability than protein-based substrates. Walker et al. reported
that poly-D-lysine surfaces maintained hESCs and iPSCs when used in conjunction
with mTeSR1 medium supplemented with blebbistatin, a muscle myosin II
inhibitor. The cells were expanded in this system for more than 20 passages with
pluripotency and genomic integrity intact [23]. Although a poly-D-lysine coated
surface provides a simple, easy to fabricate surface, the effects of long-term
blebbistatin exposure on hPSC differentiation capacity are not known.

Klim et al. screened FGF receptor-binding peptides, integrin-binding peptides,
and peptides derived from fibronectin, laminin, bone sialoprotein and vitronectin
for their ability to bind hESCs cells as well as maintain hESCs in a pluripotent state
[24]. They used a high-throughput array of self-assembled monolayers (SAMs) to
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identify the best peptides and combination of peptides at various concentrations.
They reported that the heparin-binding peptide GKKQRFRHRNRKG derived from
vitronectin can mediate hESC binding at a relatively low concentration
(0.5% peptide surface density) and maintain self-renewal. The synthetic peptide
was modified for functionalization of a variety of surfaces by SAM assembly,
covalent conjugation of reactive bromoacetamide groups to glass slides, and
binding of biotinylated peptides to streptavidin-coated polystyrene. Substrates
containing the heparin-binding peptide interacted with cell-surface glycosamino-
glycans and could be used with the defined medium mTeSR1 to culture multiple
hESC and iPSC lines for more than 3 months, during which pluripotency and
genome integrity were maintained. However, the presence of ROCK inhibitors in
the mTeSR1 medium was required to maintain hPSC attachment and growth.
The effects of long-term inclusion of ROCK inhibitors in the culture medium on
hPSC expansion and subsequent differentiation are not yet known. Perhaps sub-
strates comprised of multiple peptides that activate distinct cell surface receptors
might alleviate the need for ROCK inhibitors in the culture medium.

Melkoumian et al. described synthetic peptide acrylate surfaces (PAS) for
supporting hESC self-renewal [25]. The peptide candidates for hESC binding were
derived from active domains of the ECM proteins, such as bone sialoprotein
(BSP), vitronectin (VN), fibronectin, and laminin. They showed that either BSP-
PAS or VN-PAS exhibited a similar ability as Matrigel in mediating hESC binding
and proliferation in three different media, X-VIVO with growth factors, mTeSR1,
and medium supplemented with knockout serum replacer (KOSR). VN-PAS and
X-VIVO medium supported hESC self-renewal for more than 10 passages after
which the hESCs maintained a normal karyotype and the ability to differentiate to
cells in each of the three germ layers. This synthetic surface does not require
ROCK inhibitor for hPSC attachment and further expansion. Importantly, the
VN-PAS substrate was also suitable for differentiation of hPSCs to cardiomyo-
cytes, suggesting that this substrate may permit development of defined expansion
and differentiation processes for generating large quantities of cells in clinically
relevant lineages.

hESCs and iPSCs do not efficiently attach to uncoated tissue culture treated
polystyrene surfaces. However, it is possible to fabricate polymers that bind
hESCs on tissue culture polystyrene dishes to facilitate hESC culture. Villa-Diaz
et al. identified that poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammo-
nium hydroxide] (PMEDSAH) was able to maintain various hESC and hiPSC lines
[26]. hESCs grown on PMEDSAH-coated plates in MEF-conditioned medium
remained in an undifferentiated state, maintain pluripotency, and did not acquire
an abnormal karyotype. However, this substrate was not effective with all cell lines
and media formulations tested. H9, but not BG01, hESCs could be expanded on
PMEDSAH substrates in StemPro medium for 10 passages with confirmation of
pluripotency and stable karyotype. However, neither cell line could be maintained
on PMEDSAG in mTeSR1 medium. The variability of effectiveness of this sub-
strate between cell lines and media formulations might result from differential
adsorption of media factors or cell-secreted proteins to the PMEDSAH.
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3.1.2.3 Mechanisms of Substrate Maintenance of Self-Renewal

The culture substrate must support initial hPSC attachment, but its long-term role in
maintaining pluripotency is unclear. hPSCs secrete extracellular matrix proteins,
including laminin-511 and nidogen-1 [27]. Laminin-511 and nidogen-1 support
assembly of singularized hESCs into multicellular complexes, which may be
important in their survival and expansion. Decellularized matrices secreted by human
fibroblasts have also been shown to facilitate hESC and iPSC expansion and pluri-
potency over 15 passages [28]. Additional analysis of how hPSCs modify their
substrate and the subsequent effects on cell proliferation and differentiation is needed.

In conclusion, chemically defined, synthetic, xeno-free, scalable media, and sub-
strates that support the self-renewal and directed differentiation of hESCs and iPSCs
will be useful for both research purposes and development of cell therapies. Devel-
opment of these systems has been in part driven by a deeper understanding of
molecular mechanisms regulating self-renewal, pluripotency, and differentiation, but
also by hypothesis directed and high-throughput screening approaches. As pathways
that control hPSC behavior become better understood, more robust and perhaps
simpler media and matrices will be defined, and the field may come to a consensus
culture system that is effective for both research and biomanufacturing applications.

3.2 Large-Scale Production of Somatic Cells from hPSCs

Biomanufacturing of somatic cells from hPSCs faces many of the same challenges
as expansion of undifferentiated cells (Fig. 3.1). However, the differentiation
process is more complex since appropriate developmental cues must be presented
to guide cells through a differentiation process which often takes days to weeks.
In addition, undesired cells often comprise a substantial fraction of the total
population and must be removed, and desired cells must be profiled for expression
of appropriate markers and phenotypes.

3.2.1 Embryoid Body Differentiation Processes

Many differentiation protocols utilize formation of embryoid bodies (EBs),
aggregate of hPSC-derived cells. EBs can be formed by suspension culture of
hESCs in the absence of self-renewal factors and the presence of serum or defined
induction cues, and generally contain a wide variety of differentiated cell types.
EBs typically recapitulate events that naturally occur in embryonic development,
although in a very spatially disorganized fashion. EBs are amenable to large-scale
processes because they can be cultured in suspension and contain many different
cell types of interest. Challenges facing use of EBs in biomanufacturing include
the generally low yield of desired cell types, the need to purify the desired
population, and the lack of defined EB culture systems.
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Burridge et al. developed a protocol to generate contracting cardiomyocytes from
hPSC-derived EBs by systematic optimization of 45 process variables, including
concentration and timing of cardiac inductive factors, culture medium composition,
cell density, and colony morphology [29]. This protocol generated 65–89% pure
cardiomyocytes in 11 different hESC and iPSC lines, suggesting the potential of
EB-based methods in efficient and scalable cell differentiation processes.

3.2.2 Directed Differentiation

While EBs are often effective at recapitulating developmental events, directed
differentiation protocols which apply differentiation cues to cells at various stages
of development are more amenable to biomanufacturing processes because of the
tighter control over differentiation, which typically results in higher yields and more
robust differentiation. As a better understanding of developmental cues is obtained
and systems to apply these cues in the appropriate context are engineered, defined,
and scalable processes to generate differentiated cells from hPSCs are becoming
more common. Some examples of such defined culture protocols are discussed here.

3.2.2.1 Neuroepithelial Cells

Inhibition of SMAD signaling was found to direct greater than 80% of hESCs
to a neural progenitor fate [30]. In another study, treatment of hESCs with
inhibitors of glycogen synthase 3, TGFb, and Notch pathways generated primitive
neuroepithelial cells, which were able to be converted to midbrain and hindbrain

Fig. 3.1 Overview of biomanufacturing human pluripotent stem cells for therapeutic applica-
tions. hPSCs in cryogenic storage must be thawed, expanded under defined conditions, and
further differentiated into clinical applicable lineages, including but not restricted to neurons,
cardiomyocytes, and b-cells
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neuronal subtypes by subsequent treatment with protein growth and differentiation
factors [31]. A defined system for generating approximately 30% pure populations
of dopaminergic neurons from neuroepithelial progenitors by treatment with FGF8
and sonic hedgehog has also been reported [32].

Neural progenitors derived from hESCs have also been directed to retinal
pigment epithelial (RPE) cells by treatment with nicotinamide and TGF super-
family ligands [33]. These RPE cells can rescue defects in animal retinal degen-
eration models. RPE and photoreceptor cells have also been differentiated from
hPSCs using small molecules, including a casein I kinase inhibitor, an ALK4
inhibitor, a Rho-associated kinase inhibitor, retinoic acid, and taurine [34].

3.2.2.2 Cardiomyocytes

Substantial progress has been made in generating functional cardiomyocytes from
hPSCs by directed differentiation protocols. TGFb superfamily ligands Activin A
and BMP4, and Wnt3a induce mesendoderm development of hPSCs cultured in a
monolayer [35]. A substantial fraction of these cells, up to 30% depending on the
cell line, develop into contractile cardiomyocytes. Another protocol uses Activin
A, BMP4, bFGF, and VEGF to induce mesoderm formation, then inhibits
canonical Wnt signaling via Dkk1 to specify cardiac lineages [36]. Sorting Flk-1+/
c-kit+ cardiomyocyte progenitors substantially enhanced the purity of cardio-
myocytes generated by this protocol, but may be difficult to implement in a
scalable biomanufacturing process [36]. More robust processes that efficiently
generate cardiomyocytes from many different hPSC lines and methods to mature
the embryonic-like cardiomyocytes that result from these protocols are needed.

3.2.2.3 Islet b Cells

Another somatic cell type of significant therapeutic potential is the pancreatic
b-cell. Cells with the ability to monitor and respond to changes in glucose by
releasing insulin to regulate blood sugar levels would offer diabetics an option in
managing their disease. One protocol to generate insulin-producing b-cells from
hESCs relies on a complex mixture of proteins and small molecules to guide
hPSCs through definitive endoderm, foregut, pancreatic endoderm, and endocrine
progenitors to pancreatic endocrine cells [37]. Another protocol generated defin-
itive endoderm by treating hPSCs with Activin A and sodium butyrate, then EGF,
bFGF, Noggin, nicotinamide, and IGF-II were added at various stages to specify
pancreatic endoderm [38].

Small molecules which guide hPSC differentiation toward b-cells have also
been identified. The compounds IDE1 and IDE2 have been shown to induce
definitive endoderm differentiation via activation of TGFb/Nodal signaling [39].
Stauprimide downregulates c-MYC expression and causes hPSCs to preferentially
differentiate to definitive endoderm [40]. Definitive endoderm cells can be directed
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to pancreatic endoderm by treatment with (-)-Indolactam, an agonist of protein
kinase C signaling [41].

3.2.2.4 Other Cells and Tissues

Defined methods have also been developed to generate epidermal keratinocytes
and 3D skin tissue constructs from hESCs and iPSCs via treatment with retinoic
acid and BMP4 [42–44]. Defined differentiation systems for generating hemato-
poietic progenitors and blood cells, including erythroid cells, dendritic cells,
macrophages, neutrophils, and megakaryocytes have been developed [45, 46],
raising the interesting possibility of reconstituting blood from a stem cell source.
Chondrocytes expressing SOX9 have been generated from hESCs using a three
stage defined protocol that guides cells through mesendoderm, mesoderm, and chon-
drocyte lineages by treatment with BMP4 and other TGF superfamily ligands [47].
Hepatocytes have been derived from hESCs using Activin A, FGF2, BMP4, and a
PI3 K inhibitor to guide cells to endodermal progenitors, then FGF10, retinoic
acid, and an Activin/Nodal inhibitor to generate hepatocytes [48]. These and future
defined systems that yield pure populations of these cells will facilitate evaluation
of these cells in animal models and clinical trials, and be an important part of
developing hPSC-based cellular therapies.

3.3 Scalable 3D Culture Systems for hPSC Expansion
and Differentiation

Due to the large number of cells required for hESC and iPSC therapeutic applica-
tions, the development of large-scale culture systems for cell expansion and differ-
entiation is critical. Scaling hPSC culture for biomanufacturing applications faces
many challenges. Cell density must be increased by orders of magnitude compared to
lab scale culture. This is typically achieved by culture in suspension or on suspended
microparticles. However, hPSCs are prone to aggregation in suspension and are
sensitive to shear stresses. Cell aggregates are heterogeneous in size and may
severely limit diffusion of nutrients, growth factors, metabolic byproducts, and
dissolved gases within the aggregate, which may in turn affect expansion potential,
lead to spontaneous differentiation, or cause or acquisition of abnormal karyotypes.
In addition, loss of matrix attachment in large-scale cultures may induce undesired
differentiation, leading to culture contamination. Furthermore, many of the hPSC
culture systems described earlier in this chapter often require undefined or expensive
chemical component, which limit process development and implementation. The
following sections will review application of bioreactors and scalable culture sys-
tems to hPSC expansion and differentiation, and will discuss challenges facing future
culture system improvements as related to biomanufacturing.
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3.3.1 Rotary and Stirred Culture Systems

Rotary cell culture systems provide a well-mixed environment and efficient gas
transfer through a permeable silicon membrane. Appropriate inoculation density of
hESCs and iPSCs is important for rotary cell culture systems. No or only partial
formation of aggregates occurred with too low inoculation density which reduce
the cell vitality, while high density will cause extensive aggregate fusion and
formation of heterogenous clusters which could induce cell differentiation. Scale-
up of low inoculation density, 0.33 9 105 cells/ml, hPSC cultures have been shown
in ROCK inhibitor-supplemented mTeSR1 medium in Erlenmeyer flasks rotated at
50 rpm, with up to a 6-fold expansion achieved in 4 days [49]. However, high-
density (1 9 106 cells/ml) cultures were shown to be better suited to a rotating
Petri dish platform, resulting in a 2- to 3-fold expansion within 7 days [49].
Although rotary culture systems do not typically generate high shear forces, which
can induce death or differentiation of hESCs [50], compared to stirred culture
vessels, they are limited in size and thus may not be capable of producing large
quantities of cells required in biomanufacturing applications (Fig. 3.2).

Fig. 3.2 Scalable suspension culture systems for expansion and differentiation of human
pluripotent stem cells
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Stirred culture systems such as spinner flasks and stirred-tank bioreactors have
been widely used in the scale-up of mammalian cell culture. These systems pro-
vide a well-mixed, homogeneous culture environment with robust control, and
monitoring of culture parameters, including dissolved gases, nutrient and metab-
olite concentrations, perfusion rates, and mixing speeds. Four hESC and two iPSC
lines cultured in spinner flasks in medium containing Knockout Serum Replacer
supplemented with the IL6RIL6 chimera (interleukin-6 receptor fused to inter-
leukin-6) and basic fibroblast growth factor have been shown to expand by
approximately 25-fold over 10 days, and maintained pluripotency and differenti-
ation capacity after 20 passages [49, 51].

Cameron et al. reported a greater than 3-fold improvement in hESC-derived EB
expansion in spinner flasks as compared to static cultures [52]. The EBs in the
spinner flasks were also more homogeneous in size and morphology. Yirme et al.
demonstrated that hydrodynamic conditions during seeding affect cell metabolic
and growth rates in hESC-derived EBs in a glass ball impeller spinner flask [53].
Sargent et al. further showed that mixing speed in a rotary culture affects murine EB
formation efficiency, EB size and morphology, and cell differentiation fate [54].
EBs cultured in a rotary suspension system were enriched in cardiomyocytes
compared to EBs maintained in static culture [55]. Together, these studies highlight
the importance of considering mixing on expansion and differentiation of hPSCs.

3.3.2 Perfusion Bioreactors

Perfusion bioreactors, in which medium flows through the culture vessel, have also
been used to expand and differentiate hPSCs. A study of the effects of flow on
hESC growth in microfluidic bioreactors illustrated that at low flow rates cell
expansion is limited by nutrient depletion and waste accumulation while cells at
high flow rates undergo detachment and/or spontaneous differentiation [56]. Thus,
an optimum perfusion rate exists to expand undifferentiated cells. One approach to
addressing the shear sensitivity of hPSCs in a perfusion reactor is to culture cells in
grooves on a surface, so that convection supplies nutrients to the cells but does not
expose them to high shear stresses. Culturing fibroblasts in microchannels and
microwells enabled a perfusion rate an order of magnitude higher than that which
supported culture on a planar substrate [57]. Microwell culture of hESCs has also
been demonstrated [58–60], and would also likely allow for higher perfusion rates
than have been used in other systems. Intermittent perfusion, short periods of flow
followed by longer periods of static culture, have also been shown to reduce shear
sensitivity of hESCs cultured in microchannels [61].

Perfusion has been shown to enhance the density of hESCs expanded in MEF-
conditioned medium by 70% as compared to static culture [62]. A comparison of
hESC expansion in stirred tank and perfusion systems demonstrated higher cell
densities in a perfusion system when oxygen was controlled to support aerobic
metabolism [63].
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A scalable bioprocess was developed to generate cardiomyocytes from murine
ESCs in a perfusion bioreactor [64]. In this system, hypoxia and encapsulation of
cell aggregates were found to induce cardiomyocyte differentiation. Cardiomyo-
cytes were selected based on G418 resistance, and optimization of reactor oper-
ation yielded greater than 3 cardiomyocytes per ESC after 2 weeks of
differentiation. Niebruegge et al. generated a pure population of 4.6 9 109

cardiomyocytes from murine ESCs in a 2 l perfusion bioreactor, also using anti-
biotic selection [65]. These studies demonstrate the feasibility of scalable plu-
ripotent stem cell differentiation processes, which will be improved upon
implementation of new, defined differentiation protocols discussed in Sect. 2.2.

3.3.3 Expansion and Differentiation of hPSCs on Microcarriers

While rotary, stirred culture, and perfusion bioreactors are best suited to expand
mammalian cells that can grow in suspension, microcarriers permit culture of
adhesion-dependent cells at a high density in these bioreactors. Microcarriers are
small, on the order of 100 s of microns, particles that provide support for high
density growth of anchorage-dependent cells. These particles provide a high
surface area to volume ratio and can be suspended in bioreactors, including rotary
bioreactors, spinner flasks, and fluidized beds. Microcarriers can be fabricated
from a variety of materials, including dextrans, glass, polymers, and extracellular
matrix proteins, and can be functionalized to present desired surface properties.
Several studies have demonstrated the feasibility and challenges of hPSC culture
on microcarriers. A proof-of-principle study demonstrated that hESCs could be
cultured in suspension with MEF-conditioned medium on trimethyl ammonium-
coated polystyrene microcarriers in low attachment 6-well plates [66]. Recently,
hESCs were expanded as undifferentiated cells in 3D suspension cultures on
Matrigel-coated cellulose microcarriers in a stirred culture vessel [67, 68].
The microcarrier system achieved 2- to 4-fold higher cell densities than 2D colony
cultures. Stable, continuous propagation of two hESC lines on cellulose micro-
carriers in spinner flask has been demonstrated in MEF-conditioned media for
6 months [67]. More importantly these cellulose microcarrier spinner flask
cultures were also compatible with two serum-free defined media, StemPro and
mTeSR1 [67]. Instead of Matrigel, laminin coated microcarriers are also capable
of supporting the long-term propagation and pluripotency of multiple hESC lines,
permitting culture on defined matrices [69]. Microcarriers have also been used to
produce feeder fibroblasts. Human fibroblasts have been expanded on microcar-
riers and these human fibroblasts are suitable for ex vivo expansion of clinical-
grade hESCs [70]. However, given the developments of defined culture media, it is
unlikely that expansion of feeder cells will play a significant role in hPSC
biomanufacturing applications.

Microcarrier size and composition were found to affect expansion and differ-
entiation fates of hPSCs. Positively-charged cylindrical cellulose microcarriers and
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large positively charged spherical dextran microcarriers exhibited high cell
expansion potential and levels of pluripotency [69]. Lower cell yields were
obtained using smaller diameter spherical or macroporous beads [69]. Lecina et al.
investigated effects of microcarrier composition and morphology on cardiac
myocyte differentiation efficiency from hESCs cultured in serum-free medium [71].
Cells cultured on TOSOH-10 microcarriers produced 80% beating EBs containing
20% cardiomyocytes. Lock and Tzanakakis induced definitive endoderm differ-
entiation using Activin A, Wnt3a, and serum in 80% of cells hESCs cultured on
microcarriers [72]. Better insight into how microcarrier geometry and surface
chemistry affect cell expansion and differentiation is needed to develop efficient,
scalable microcarrier processes.

3.3.4 Carrier-Free Suspension Culture of hPSCs

While microcarriers represent a logical transition from lab scale plate culture to
bioreactors, it is not clear that hPSCs are only capable of anchorage-dependent
expansion. hPSCs have been expanded in suspension in spinner flasks, unattached
to any support structure, time periods of approximately 6 weeks [66]. Steiner et al.
discovered that when hESC clusters in suspension were cultured in Neurobasal
medium, they did not differentiate to neural lineages. In fact, a high fraction of the
cells in the clusters remained undifferentiated. They subsequently optimized the
culture medium by including KOSR, laminin, gelatin, fibronectin, Nutridoma-CS,
and the neurotrophins BDNF, NT3, and NT4 to the Neurobasal medium. Within
this defined suspension culture system, hESCs displayed a doubling time and
apoptosis activity comparable to cells cultured on standard MEF feeders and were
confirmed to be pluripotent and karyotypically normal after prolonged culture [73].
Furthermore, new hESC lines could be derived and maintained in suspension,
suggesting a new feeder-free defined system for derivation of new hESC lines.
When the hESCs cultured in suspension returned to 2D culture, they displayed
similar differentiation ability to neural lineages. This demonstration of expanding
hESCs in suspension culture without a solid support suggests the promise of high
density hPSC culture for clinical and industrial applications.

3.4 Future Perspectives and Challenges

Substantial progress has been made in developing laboratory scale defined culture
systems for hPSCs. While these defined media and matrices represent a major step
forward in large-scale production of hPSCs and their progeny, substantial efforts in
bioprocess development are necessary. Most published bioreactor studies are
limited in scale and scope, in part resulting from difficulty and cost associated with
these projects. Logically, the foundation of hPSC bioreactor development has been
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prior work in mammalian cell culture (e.g., CHO cells), but unique properties of
hPSCs will result in added complexity of hPSC biomanufacturing over current
methodologies.

As the field of hPSC biomanufacturing matures toward generating cells for
human therapies, substantial effort will be needed to ensure the quality of the
desired product during the production process. Cell viability and density must be
monitored, most likely through automated cell counting. Cell differentiation status
must also be monitored. Cell surface markers provide easy but better differentia-
tion markers are needed to distinguish cells at various differentiation stages.
Depending on the particular cell type generated and its specific application,
functional benchmarks must also be met. For example, cardiomyocytes must be
able to electromechanically integrate with native heart tissue and islet cells must
secrete insulin in a glucose-dependent manner.

Product safety is of utmost concern in cell-based therapeutics. Culture contami-
nation by bacteria, fungi, viruses, and endotoxins must be monitored by genetic
and/or chemical testing. hPSCs are prone to acquiring chromosomal abnormalities,
typically gains of chromosome arms or full chromosomes, that increase expansion
rates and affect differentiation potential [74]. Safe, high-throughput passaging pro-
tocols and improved identification and removal of cells with abnormal genomes,
such as by high resolution single nucleotide polymorphism (SNP) or comparative
genomic hybridization (CGH) analyses, are needed [75, 76]. Undifferentiated hPSCs
also pose a safety concern in which they have the potential to form teratomas [77].
Residual undifferentiated cells can be removed from a mixed population of cells
using immunodepletion with antibodies against pluripotency surface markers,
including SSEA-5, CD9, CD30, CD50, CD90, and CD200 [78].

Finally, defined and efficient methods for generating functional somatic cells
from hPSCs are needed. This will require a better mechanistic understanding of
how cells make fate choices, engineered systems that provide microenvironmental
cues in the appropriate spatial and temporal fashion, and methods to characterize
cell differentiation state and phenotype.
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Chapter 4
hESC-Derived Hepatocytes

Iman Saramipoor Behbahan and Mark A. Zern

Abstract Liver transplantation is the most effective treatment for end-stage liver
diseases. However, shortage of donor livers has limited its clinical application.
Transfusion of primary hepatocyte from cadaveric livers is a potential effective
alternative. Since donor livers are scarce, and adult hepatocytes cannot be
expanded in culture, hepatocyte transplantation has not become a viable substitute
to whole organ transplantation. Since hESCs replicate virtually indefinitely in
culture, an infinite source of hepatocytes will therefore be available for thera-
peutics and for toxicology and pharmacology studies. This review will provide
scientists and physicians with the latest achievements in the rapidly growing field
of embryonic stem cell biology as it pertains to liver cell differentiation.

4.1 Introduction

Patients with life-threatening liver disease can be effectively treated with liver
transplantation. However, this requires a major surgical procedure that is associ-
ated with considerable morbidity and mortality. In addition, most recipients of a
donor liver require lifelong immune suppression that frequently leads to compli-
cations. Most importantly, the long-standing shortage of donor livers has rendered
this treatment unavailable to most patients. Consequently, thousands of patients
with end-stage liver disease die each year while on a waiting list for liver trans-
plantation, and tens of thousands are never put on this list. Infusion of hepatocytes
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isolated from cadaveric livers has previously been shown to be effective in cor-
recting liver diseases in humans, providing proof-of-principle for the efficacy and
safety of cell therapy [1–3]. However, since donor livers are scarce, and adult
hepatocytes cannot be expanded in culture, hepatocyte transplantation has not
become a viable alternative to whole organ transplantation. Clearly, an abundant
source of hepatocytes is needed to realize the potential of cell therapy for severe
liver diseases.

Our research group and others have recently made significant progress in
guiding the differentiation of human embryonic stem cells (hESCs) into hepato-
cytes. Since hESCs replicate virtually indefinitely in culture, an infinite source of
hepatocytes will therefore be available for therapeutics and for toxicology and
pharmacology studies. This review will provide scientists and physicians with the
latest achievements in the rapidly growing field of embryonic stem cell biology as
it pertains to liver cell differentiation.

4.2 Human Embryonic Stem Cells

Embryonic stem cells offer outstanding potential for regenerative medicine. After
the first report of the derivation of human ESC lines in 1998 by James Thomson
and his group [4], numerous hESC lines have been created with more than a
hundred in the National Institutes of Health registry (http://stemcells.nih.gov/
research/registry/). Moreover, hESCs possess a normal karyotype [5] with high
levels of telomerase activity, and they demonstrate a continuous renewal capa-
bility. They can be propagated in an undifferentiated state in vitro and have the
potential to differentiate into all specialized cell types [6, 7]. Therefore, these cells
provide a powerful tool for the investigation of cellular identity and early mam-
malian development, as well as having great potential for cellular therapeutics.

4.2.1 Differentiation of Human Embryonic Stem Cells Toward
the Hepatic Lineage

The capacity of endodermal differentiation in mouse ESC (mESC) was reported by
Abe et al. and Levinson-Dushnik and Benvenistry [8, 9]. Later, Duncan et al.
demonstrated that mECS have the ability to differentiate to visceral endoderm that
expresses liver-specific proteins [10]. Finally, hepatocyte-like cells were generated
by Hamsaki et al. applying specific growth factors in mESC [11]. The differentiation
of hESCs into hepatocytes was first reported by Rambhatla and colleagues [12].
Since then, many studies have focused on enhancing the culture conditions to obtain
a more homogeneous cell population. Recently, most of the protocols follow
stepwise differentiation through definitive endoderm imitating embryonic liver
development.
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4.3 Spontaneous Differentiation

ESCs differentiate spontaneously into the three germ layers, among them endo-
dermal cells expressing AFP and albumin [13, 14]. Lavon et al. demonstrated that
hESC differentiated into hepatic-like cells through the intermediates step of EB
formation. They showed that albumin-expressing cells isolated by fluorescence-
activated cell sorting were capable of growing in vitro for a few weeks [15, 16].

Our group, among others, extended the original finding by optimizing growth
factors, ECM, and medium selection to enhance the purity of the differentiation
process using EBs [17–21]. In addition, it was suggested by Baharvand et al. that
plating EB in a 3D collagen type I scaffold with the sequential addition of growth
factors is more efficient than employing 2D cultures. They also reported the
migration of cells out of aggregates and the formation of multilayer cord-like
structures in a 3D culture system [19]. However, hepatocyte differentiation
through EBs is no longer considered the most effective approach. The major
problem is the relatively low differentiation rate and nonhomogeneous population
of cells after differentiation.

4.4 Stepwise Differentiation

4.4.1 Differentiation Toward Definitive Endoderm by Nodal
Signaling Induction

Definitive endoderm is formed by inward migration of the epiblast from the
primitive streak during gastrulation [22, 23]. The liver, lung, pancreas, thyroid, and
gastrointestinal tract generate from developing endoderm [24].

Nodal signaling pathway, a member of the transforming growth factor-b (TGF-b)
superfamily, is involved in endoderm specification during embryonic development.
Activin A is a protein agonist for the Nodal signaling pathway by binding to the cell
surface transmembrane type II receptor. This signaling induces a response which
eventually results in phosphorylation of SMAD2 and SMAD3, the key components
of the Nodal signaling pathway [23]. The seminal study employing this approach was
reported by D’Amour et al. who described differentiation of hESCs to definitive
endoderm with more than 80% purity using high levels (100 ng/ml) of Activin A and
low serum concentrations [25]. Since then, the most effective hepatocyte differen-
tiation protocols have employed this approach of definitive endoderm formation as
the first step.

Ishii et al. compared endodermal differentiation through EB or without forming
EBs on different ECMs. They found the best result by employing Matrigel-coated
dishes with 100 ng/ml Activin A without employing EBs. In addition, they showed
that HGF, BMP4, and FGF4 have no significant effect on endodermal differenti-
ation, and they suggested an inhibitory effect of all-trans-retinoic acid on
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endodermal differentiation. The presence of BMP4 and FGF4 reduced the
effects of Activin A and HGF on endodermal differentiation [26]. Brolén et al.
showed that using Activin A and FGF2 together enhanced the expression of
endodermal markers (Sox17, HNF3b, and CXCR4) in comparison with using
Activin A alone [27].

Hay and colleagues examined Wnt3a expression in liver at different times
during human liver development. They reported that in the first trimester Wnt3a
activity developed in the portal system with no parenchymal expression. In con-
trast, in the second trimester Wnt3a expression was observed both in the portal
region and in the liver parenchyma suggesting a potential role in early hepato-
genesis. Furthermore, they found enhanced endodermal differentiation of hESC
using Activin A plus Wnt3a in comparison with Activin A plus sodium butyrate.
They postulated that Activin A plus Wnt3a-induced a rapid and more homoge-
neous hepatic endoderm production and led to more functional hepatocyte-like
cells [28].

4.4.2 Hepatic Induction

FGFs and BMPs appear to play significant roles in liver specification. Gouon-
Evans et al. demonstrated that hESCs differentiated in the presence of Activin A in
serum-free conditions to efficiently generate an endoderm progenitor population.
Hepatic specification of these progenitors occur by BMP4 in combination with
bFGF and Activin A [29].

Then, Cai et al. reported that FGF4 or BMP2 alone in the culture medium had
little effect on liver specification from definitive endoderm. However, their com-
bination lead to a significant increase in albumin expression in vitro, and this effect
was confirmed by the FGFR1 inhibitor Su5402 or the BMP inhibitor Noggin. Also,
they showed definitive endoderm induction is essential for the effectiveness of FGF4
and BMP2 on hepatic induction. They reported similar results for the combinations
of aFGF and BMP4, bFGF and BMP4, or FGF4 and BMP4 [30]. DMSO, which
modifies histone acetylation, appears to have an inductive effect toward hepatocyte
lineage specification and has been utilized in some protocols [31–33].

A combination of BMP2/4 and FGF1/2/4 was applied by Brolén et al. for
hepatic induction. They observed multiple EpCAM-expressing cell clusters with
adjacent groups of CK7 and CK19 positive cells and some CD54 positive areas. In
the control group which was not induced by BMPs and FGFs, although EpCAM,
a1-antitrypsin, AFP, CK7/8/18/19, and CD54 positive cells appeared, there was a
considerable cell morphology difference with a significant decrease in liver-
specific gene expression [27].

Johannesson et al. found that Activin A-treated hESCs tend toward the hepatic
lineage instead of toward pancreatic progenitor cells if they are not treated with
FGF4 and retinoic acid (RA) [34]. On the other hand, Ameri et al. reported a dose-
related response to FGF2 regarding cell fate selection. They demonstrated that low
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levels of FGF2 enhanced hepatic induction while intermediate doses of FGF2
resulted in pancreatic fate selection [35]. In summary, many factors have been
shown to affect hepatic induction including the timing, concentration and specific
variety of growth factors, as well as the methods of generating definitive
endoderm.

4.4.3 Maturation

In this step, differentiated cells present a polygonal hepatocyte morphology with
distinct round nuclei that have cytoplasmic vacuoles [28, 36]. Hepatocyte matu-
ration strategies are designed to replicate the role of growth factors in liver
development. In general, sequential and different levels of HGF and/or, OSM or
EGF with glucocorticoids and insulin, in a hepatocyte-optimized culture medium
are used (Table 4.1).

4.5 Differentiation Toward Liver Precursor Cells

The isolation of a hepatic precursor cell line derived from hESC has drawn the
attention of some researchers because the establishment of a method to drive
hESC or iPS cells to a stable bipotent liver stem cell line which has renewal
capability would bypass many expensive and difficult differentiation steps and
would enhance clinical applications that require a large quantity of cells. Haiyun
Pei and colleagues reported the isolation of liver progenitor-like cells which
were isolated from portal zone 1 that expressed stromal progenitor markers, such
as CD29, CD44, CD71, CD90, and CD105, and were negative for CD34 and
CD45 [37]. Zhao et al. studied N-cadherin-expressing hepatic endoderm that
was derived from hESCs by induction of definitive endoderm and then treatment
with BMP2 and FGF4 for 5 days. These cells were maintained and passaged
on mouse embryonic stromal feeders cells for more than 100 days. They also
reported that these cells can be differentiated toward hepatocyte- and cholan-
giocyte-like cells [38].

Li F et al. differentiated mouse ES cells through a stepwise protocol to a
cell population containing hepatic progenitor cells. They separated epithelial
cell adhesion molecule (EpCAM) positive and c-Kit negative cells from this
population and reported that hepatic progenitor colonies from single c-Kit-Ep-
CAM+ cells could be expanded and maintained hepatoblast-like characteristics for
an extended period. Then, enriched c-Kit-EpCAM+ cells were transplanted into
the livers of Fah-deficient mice. They showed that c-Kit-EpCAM+ cells matured
into functional hepatocytes in vivo and repopulated mouse livers without inducing
tumorigenesis [39].
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4.6 Oxygen Pressure and Mitochondrial Function in Hepatocyte
Differentiation

Early embryonic development mostly occurs in low oxygen concentration.
In addition, hypoxic microenvironments in adults provide adult stem cell niches
that control cellular differentiation [40, 41]. The effect of low oxygen on embry-
onic stem cell culture is controversial [42]. Low oxygen seems to decrease the
chance of spontaneous differentiation in mESC culture conditions in some reports;
however, other studies suggest that it reduces the expression of pluripotency genes.
Low oxygen concentration enhances the production of some lineages, such as
neurons, cardiomyocytes, hematopoietic progenitors, endothelial cells, and
chondrocytes (reviewed in Refs. [40] and [42]). Multiple O2-sensitive intracellular
mechanisms such as hypoxia-inducible transcription factors (HIFs), the environ-
mental sensing of mammalian target of rapamycin (mTOR), and the endoplasmic
reticulum (ER) stress response have been described [41]. It appears that hypoxia
increases the mitochondrial membrane potential and subsequently reactive oxygen
species which activate HIF-1 expression [43].

Si-Tayeb et al. used different oxygen pressures during the differentiation of
hESC and hiPSC to hepatocytes. They maintained undifferentiated hESC and
hiPSC at low oxygen pressure, then generated the definitive endoderm at a normal
oxygen pressure, and finally hepatic induction and specification was performed in
a hypoxic environment. A high percentage of hepatic differentiation is reported.
However, the advantage of the different oxygen pressures is not discussed in
comparison to a control group [44].

4.7 Characterization and Functional Evaluation
of Differentiated Hepatocytes

There is no consensus for the proper characterization of hepatocyte-like cells
derived from stem cells. Generally, hepatocyte-like cells are recognized by their
morphology, liver-specific mRNAs, protein markers, and their functional abilities
during differentiation. Each phase of differentiation is delineated by specific
markers (See Table 4.2 and Refs. [45] and [46]).

4.8 In Vivo Studies

Clinical transplantation is one of the main potential goals of hepatocyte generation
from hESC; however, only a few studies have evaluated these cells in vivo. Jun
Cai et al. showed that differentiated hESCs were able to engraft in the livers of
SCID mice injured by CCl4 and that they expressed human alpha-1 antitrypsin for
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at least 2 months [30]. Our group transduced hESC-differentiated hepatocytes
using a lentiviral vector containing a triple fusion protein and transplanted trans-
duced hESC-differentiated hepatocytes into the livers of NOD-SCID mice.
Then we investigated the luciferase-induced bioluminescence in the animal livers
by a charge-coupled device camera. We showed that the transplanted cells had
engrafted into the liver and were functional [21]. Agarwal et al. transplanted
definitive endoderm cells derived from hESCs into the portal vein of NOD-SCID
mice that were previously treated with CCl4 and retrosine, and they detected that
the cells expressed human-specific mitochondrial antigen, as well as CD26 and
alpha-1-antitrypsin in the livers of the injected mice over time [36]. Hay et al.
showed that hepatocyte-like cells could engraft in the NOD-SCID mouse liver.
They reported that Wnt3a-treated cells expressed higher levels of human albumin
in the serum than did the control cells [28]. Basma et al. isolated the ASGPR
positive cells from differentiated hepatocyte-like cells by flow cytometery. Then,
they transplanted these cells into the spleen of Alb-uPA SCID mice. Very high
levels of human albumin (1,000–2,000 ng/ml) and alpha-1-antitrypsin were
detected in the animals’ serum 75 days after transplantation. In histological
evaluation, small clusters of human CD18-expressing cells without any tumor
formation were observed. Then intrasplenic injection of one million sorted cells
was performed in an FK506-immune suppressed Nagase analbuminemic rat or
NOD-SCID mice after 70 or 50% partial hepatectomy and retrosine treatment.
They reported 20,000 ng/ml human albumin in the transplanted animal’s serum
with large clusters of human engrafted cells in histological evaluation. However, a
well-differentiated adenocarcinoma was detected as well [47].

Table 4.2 Characterization and functional evaluation of differentiated hepatocytes and drug
metabolism

Goal of test

Definitive endoderm SOX17, GSC, FOXA2
Primary hepatic differentiation HNF3b, AFP, and transthyretin (TTR)
Intermediate phase of

hepatogenesis
HNF1a, HNF4a, Albumin, and CK18

Mature hepatocytes Tryptophan-oxygenase, tyrosine amino-transferase, C/EBPa,
specific CYPs, asialoglycoprotein receptor 1(AGPR1)

Functional assay Evaluation of glycogen accumulation by PAS staining
Hepatocyte morphology under electron microscopy
Urea synthesis, albumin production
Indocyanine Green uptake
Measurement of coagulation factor VII activity, entry of HIV-

HCV pseudotype viruses into hESC-derived hepatic cells
Drug metabolism ability of

hepatocyte like-cells
Pentoxyresorufin-O-dealkylase (PROD) assay for the

assessment of the cytochrome p450 system
CYP3A4 induction of hESC-derived hepatocytes by rifampin

and midazolam by LC–MS/MS
Hepatic CYP 1A1/1A2-mediated Ethoxyresorufin-O-

deethylase (EROD) activities
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4.9 Small Molecules

A major challenge in stem cell therapy is the development of defined culture and
differentiation systems for the maintenance of GMP-compatible cells which are not
contaminated by pathogens or xenogens. Replacing animal sera and mouse
embryonic fibroblast (MEF) feeder cells with defined components of human origin
has been a common strategy [48–52]. Other studies attempted to eliminate the need
for MEF and growth factors by application of small molecules to ‘chemically direct’
maintenance and differentiation of hESCs as a powerful approach to this problem.

Recently Tsutsui et al. showed that combination of three small molecule
inhibitors against Rho-associated kinase (ROCK), glycogen synthase kinase
(GSK), and mitogen-activated protein kinase (MEK) maintained hESC on a
fibronectin-coated surface for 20 passages. However, the addition of bFGF was
necessary for preventing the loss of OCT4 over time [53].

The application of small molecules in hepatic differentiation has also been
reported. Bone HK et al. demonstrated the inhibition of (GSK-3) in hESC by a
specific small molecule (1 M) results in transient Nodal expression. They also
reported that longer induction generated a cell population which expressed
a-fetoprotein and HNF4a. Although, they demonstrated that these cells differen-
tiated into albumin-producing hepatocyte-like cells, their functional capacities,
and engraftement in vivo have not been investigated [54].

4.10 Epigenetics

Epigenetic control mechanisms play critical roles in molecular regulation of
embryonic stem cells differentiation. Undifferentiated stem cells undergo sub-
stantial alterations in the epigenetic and coding regions during differentiation to
specific cell fates [55]. These mechanisms include DNA methylation and histone
modifications, and ATP-dependent chromatin remodeling which modulate the
chromatin structure and regulate the accessibility of transcription factors. Gene
expression is regulated by various histone modifications including acetylation,
methylation, sumoylation, etc.

Kim et al. investigated DNA methylation at three levels of in vitro hepatocyte
differentiation (hESC, definitive endoderm, and hepatocyte). They reported
dynamic methylation changes in intergenic regions of the human genome during
differentiation [56].

Xu et al. isolated mouse embryonic endoderm cells by cell sorting and assessed
histone modifications at regulatory elements of silent genes that are activated
during liver or pancreas specification. They suggested that BMP signaling which is
mediated by SMAD4 results in histone acetylation at liver target elements. It
further enhances liver gene activation by histone acetyltransferase P300 recruit-
ment which results in enhancement of liver bud formation. They also propose that
histone modifications of P300 mainly have a regulatory role rather than absolute
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induction of liver specification. In addition, histone methyltransferase Ezh2 was
shown to have modulatory roles in liver and pancreas specification [57].

Kim SW et al. investigated genomic targets for SMAD2/3, SMAD3, SMAD4,
FOXH1 and the active and repressive chromatin marks, H3K4me3 and H3K27me3,
in hESCs and derived endoderm using ChIP-seq. They reported a highly dynamic
pattern in DNA in association with SMAD2/3, SMAD4, and FOXH1. However,
they discovered an optimal bivalent signature at 32 gene loci for driving endoderm
commitment. Initially, this signature is marked by both H3K4me3 and H3K27me3
as a very broad bivalent domain in hESCs. After 24 h, in SMAD2/3, an H3K27me3
reduction occurred and these loci become monovalent marked by H3K4me3 [58].

4.11 The Tumorigenicity of Human Embryonic Stem Cells

When hESCs are injected into immunodeficient mice, they form teratomas [5, 59].
Moreover, normal diploid hESCs can potentially undergo culture-adaptation
and after transplantation transform to aggressive tumors, which resemble
teratocarcinomas [59, 60]. Thus there are concerns that transplanted hESC can
cause malignant teratocarcinomas in humans. Even benign teratomas are not an
acceptable complication of embryonic stem cell therapy in humans. Hence,
tumorigenicity of hESC is one of the main obstacles for their clinical application
which must be addressed before safe translation of stem cell therapy into the clinic.

Some molecular characteristics of tumor cells and ESC, such as rapid prolif-
eration rate, lack of contact inhibition, and a tendency for genomic instability, are
similar [5, 59, 61–66]. They both express high telomerase activity and oncogenes
such as MYC9 and KLF4 [67–69]. In addition, a noticeable similarity in gene
expression patterns, microRNA (miRNA) signatures, and epigenetic status
between ESC and cancer cells have been reported [70–74].

In some reports, transplantation of even small number of hESCs are sufficient
for tumor formation [75, 76]. Complete differentiation and total destruction of
semi-differentiated cells in culture systems as well as rapid detection of tumors in
the transplanted patient’s body have been suggested to address this problem.
Several attempts have been reported, describing the removal of undifferentiated
hESCs, such as applying magnetic-activated cell sorting and fluorescence-
activated cell sorting [59, 77]. This is an active area of research that is critical for
the safe use of these cells.

4.12 MicroRNAs During Hepatocyte Differentiation

MicroRNAs (miRNAs) are crucial in eukaryotic gene expression regulation, and
they have been shown to modulate development, infection, immunity, and carci-
nogenesis [78, 79]. These non-coding RNAs also play a key role in the
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differentiation of stem cell populations. Kim et al. evaluated the alteration of
miRNAs from hESCs to a hepatocyte lineage through definitive endoderm. They
detected enriched expression of miR-512-3p, miR-512-5p and miR-520c-3p in
hESCs, and miR-9, miR-205 and miR-375 in hESC-derived DE cells. Levels of
miR-10a, miR-122, and miR-2 expression were enhanced in hESC-derived
hepatocytes which was similar to the miRNAs patterns in liver tissue [80]. Tzur
et al. discovered sodium butyrate induction of hESCs upregulated miR-24
and miR-10a as well as some liver-enriched miRNAs, including miR-122 and
miR-192 [81].

4.13 Future Directions and Challenges

The differentiation of hESC and other stem cells along a hepatocyte lineage has
undergone enormous changes over the last decade. The progress has been sub-
stantial, with the greatest paradigm shift being the emergence of hiPSC which
resolve many of the ethical issues surrounding hESC. Although the progress
toward the development of improved protocols is impressive, a number of prob-
lems exist before the cells can be used for cell transplantation trials in humans or
for toxicology or pharmacology studies. For example, xeno-free and feeder-free
growth and differentiation conditions must be established which are effective,
reproducible, robust, and relatively inexpensive. This may include the develop-
ment and use of small molecules and synthetic biocompatible ECMs which can
substitute for the highly expensive growth factors and xeno-derived ECMs.

New approaches may be developed in the near future that may be even more
effective than our present technology of differentiating hepatocytes. For example,
recent reports have shown the transdifferentiation of fibroblasts to neuronal cells
and cardiomyocytes [82–85] and very recently mouse fibroblasts to hepatocytes
[86, 87].

Despite continual improvements in vitro function, the engraftment and prolif-
eration of hepatocyte-like cells from hESC has in general been disappointing in
rodents. One likely explanation is that the differentiated human cells may not be
compatible with the extracellular matrix and growth factor niche of rodent livers.
Thus it may be that nonhuman primates will provide a better environment for
hepatocyte engraftment, differentiation, and proliferation. Moreover, studies con-
ducted in nonhuman primates will obviously be better indicators of results in
humans.

Tumorogenisity is still one of the main obstacles in the clinical application of
hESC, and a major question is how safe must the cells be before they can be used?
How does one define lack of tumorogenisity? What is an acceptable risk, and how
does one determine that a differentiated cell population is free from the presence of
any early progenitor cells? Another major issue is the loss of proliferation of cells
when they become significantly differentiated. This leads to the question of
whether a sufficient number of mature hepatocyte-like cells that have been derived
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from hESC can be obtained so that cell transplantation can be clinically effective.
Another variant of this question is at what stage should cells that are undergoing
differentiation be transplanted? Should they be transplanted at an early progenitor
stage when they are rapidly proliferating, yet not mature, or wait until they
are fully differentiated yet much less proliferative? These are but a few of the
many technical questions that must be addressed in the coming years by investi-
gators in the field as our new-found success makes technical questions take the
forefront of research endeavors, and basic research yields to translational
approaches (Fig. 4.1).

Fig. 4.1 A stepwise protocol for differentiation of hESC toward hepatocytes (from Ref. [31]).
The top panel shows schematic illustration representing the differentiation strategy; the middle
and the bottom panels show the morphological changes from undifferentiated hESC to
hepatocytes during differentiation. a Undifferentiated hESC. b DE cells at day 8 after induction.
c Differentiated cells at day 11 cultured on coated-plates after splitting from DE. d Differentiated
cells at day 11 directly differentiated from DE without splitting. e Differentiated cells at day 25
cultured on coated-plates after splitting from DE. f Differentiated cells at day 20 directly
differentiated from DE without splitting. Scale bar—200 lm (a and b), 100 lm (c–f).
Magnification: (a, b), 9 40; (c–f), 9 100. Abbreviations: KS knockout serum replacer, DE
definitive endoderm, SB sodium butyrate, Dex dexamethasone, OM Oncostatin M, HCM
hepatocyte culture medium
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Chapter 5
Advances in Induced Pluripotent
Stem Cell Biology

Ali Seifinejad

Abstract Conversion of somatic cells into a pluripotent state is possible by the
introduction of reprogramming transcription factors (Oct4, Sox2, c-Myc, and Klf4)
into somatic cells. Induced pluripotent stem cells (iPSCs), which hold great
promise for the future of regenerative medicine, disease modeling, and drug
discovery are embryonic stem cell (ESC)-like cells that display most character-
istics of ESCs. There are some challenges regarding the establishment of iPSCs,
their similarity with ESCs, and their biomedical applications. Improvements in
gene delivery methods, establishment of iPSC lines without the use of Yamanaka
factors, and in vitro modeling of complex diseases are among hot topics of this
field to be discussed in this chapter.

5.1 Introduction

After the establishment of mouse embryonic stem cells (ESCs) in 1981 by Martin
Evans [1] and human ESCs in 1998 by James Thomson [2], the field of regen-
erative medicine received much attention. The scientific community had access to
new, potent cells that could be used in the clinic to save patients who suffered from
diseases in which cells of the diseased tissues were either lost or abnormal. Since
then, most researchers have attempted to generate patient compatible pluripotent
stem cells for clinic use that do not cause immune rejection after transplantation
and, on the other hand, lack ethical issues related to ESCs. Utilization of routes
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such as somatic cell nuclear transfer (SCNT) [3–5] as well as nuclear fusion of
somatic cells with pluripotent cells [6, 7] (Fig. 5.1a) are among the attempts that
have made it possible to generate patient-specific pluripotent stem cells, but each
has its own ethical and technical issues as well as difficulties. The accumulated
understandings of the mechanisms that underlie the above techniques, as well as
ESCs, lead to a breakthrough. Groundbreaking, innovative research by Shinya
Yamanaka’s group at Kyoto University in 2006 introduced the generation of
induced pluripotent stem cells (iPSCs) [8]. Their research has made it possible to
easily create patient-specific stem cells in vitro. In this chapter, some of the issues
related to iPSC generation and establishment, as well as problems in their basic
biology will be discussed.

The story of iPSCs began with 24 genes: pluripotency related, growth related,
and others with unknown functions that were upregulated in stem cells. Subse-
quently, these genes were introduced into mouse embryonic fibroblasts (MEF).
Of these 24 genes, 20 were eliminated, thus resulting in four genes that were
screened and examined in different combinations. The four genes (Oct4, Sox2,
c-Myc, and Klf4: OSMK), according to Yamanaka’s lab, had enough power to
convert MEFs into a stem cell-like state [8]. Soon after this achievement, James
Thomson’s laboratory in Wisconsin successfully converted human fetal and
postnatal fibroblasts into human iPSCs (hiPSCs) by a combination of four factors.
Two factors were the same as used by Yamanaka’s group (Oct4 and Sox2) and two
were different (Lin28 and Nanog) [9]. This work was coincidentally repeated by
the technology’s pioneer group in Kyoto, but with their own original cocktail
(OSMK) [10], after which most laboratories began to establish their own hiPSC
and mouse iPSC lines with different goals and applications [11–15]. There have
been several modifications and improvements in both the basic biology and
application of iPSC lines established thus far, as discussed in the next sections.

5.2 The Magic Transcription Factors

Early researches on iPSCs have demonstrated that these four transcription factors
could fully reprogram somatic cells into an ESC-like state. How this magic
cocktail performs this conversion is still elusive. According to Liu et al. [16], the
numbers of target genes for c-Myc, Klf4, Oct4, and Sox2 are 3869, 1505, 904, and
864, respectively in mouse ESCs. When Oct4 is artificially overexpressed or
repressed in ESCs, it differentiates into primitive endoderm-like cells and a
trophectodermal lineage. For Sox2, its depletion in mouse ESCs leads to differ-
entiation into multiple lineages, including the trophectoderm, which shows the
importance of its role in maintaining pluripotency [17]. It has been shown that
along with Nanog, Oct4 and Sox2 together occupy at least 353 genes within
human ESCs [18]. Forced expression of Klf4 in cultured cells results in the
inhibition of DNA synthesis and cell cycle progression. c-Myc has a potent role in
most human cancers when its expression is deregulated [19, 20]. Considering this
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Fig. 5.1 a Inducing reprogramming of somatic cells into a pluripotent state and the generation of
patient-specific stem cells. From left to right. SCNT, stem—somatic cell fusion, induced
pluripotency by transcription factors, and induced pluripotency only with miRNAs. It seems that
with better understanding of basic cellular and molecular biology it would be possible to generate
fully reprogrammed cells easily and safely. b Observation of differentially methylated regions
between iPSC lines and ESC lines according to some reports. They may be due to incomplete
reprogramming of somatic cell methylation patterns known as epigenetic memory, or due to
reprogramming techniques that establish new regions of methylation with a type of pattern
different from the original somatic cells as well as ESCs, which are called iPSC-specific
differential methylation regions
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complication, a strong stoichiometry should be established between these
transcription factors with the intent to achieve a stable conversion of somatic cells
to pluripotent stem cells. Variations in the relative ratios of transcription factor
expression might affect efficiency of hiPSC induction. It has been shown that the
target genes of the four factors strongly overlap in ESCs and iPSCs [21, 22].
In iPSCs, the promoters of 565 genes are co-bound by the four Yamanaka factors [23].
It seems that Oct3/4, Sox2, and Klf4 might function together to induce target gene
expression, thus establishing a stable stemness network, whereas c-Myc might
enhance the accessibility of target genes by stimulating DNA replication. c-Myc
greatly enhances the initial steps of reprogramming, therefore its major contribution
has been demonstrated to be in the initial reprogramming events [17, 21].
The screening process is ongoing to discover new transcription factors and genes for
reprogramming. However, there are new methods and approaches that reprogram
somatic cells to an embryonic state without the use of transcription factors, which will
be discussed.

5.3 Technical Advances in Methods for Establishment
of iPSCs

5.3.1 Retroviruses and Lentiviruses

Retro- and lentiviruses were the first vehicles to deliver reprogramming factors
into somatic cells. Scientists have used these viruses either as individual viruses to
carry one gene or as single expression cassettes carrying multiple genes, where the
number of integrations is decreased [15, 24–26]. Although these vehicles are still
used in reprogramming trials, the safety issue related to integration of the viral
genome into the host cell genome has raised concerns about oncogene activation
[27, 28]. This is one of the most important issues that has led scientists to move
toward the use of safer, integration-free methods. However, excision of integrated
sequences by the Cre-loxP system in which the vector contains a loxP site at the 30

long terminal repeat that is excised after expression of the Cre-recombinase gene is
one approach that ameliorates the disadvantages of the integration method.
Another approach involves transgene removal by using a transposase in the PB
(piggyBac transposition) system [29–31].

5.3.2 Adenoviruses, Sendai Virus Vectors, and Vector
Transfection

As mentioned above, the goal of researchers in the iPSC community is to generate
safer iPSC lines. In this regard, there are reports in which the integration of
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exogenous nucleic acid has not been detected in the genome [27, 32, 33].
At Harvard University, Hochedlinger’s group has used adenoviral vectors to
convert somatic cells to pluripotent cells. Since the expressions by adenoviruses
are transient and viral DNA does not integrate into the host genome, they could not
detect any vector integration upon genomic analysis. On the other hand, other
groups have generated cells by transfection of naked vectors into target cells; upon
analysis, these researchers did not detect vector integration into the genome.
In these methods, since transgenes are not integrated during cell proliferation those
cells harboring transgenes are diluted, therefore their efficiency is very low relative
to the integration methods.

In a recent advancement in the generation of iPSC lines without integration,
a Japanese group has used temperature-sensitive Sendai virus vectors to deliver
reprogramming factors into host cells. By using these RNA virus vectors and by
introducing temperature-sensitive mutations in them, the researchers were able to
establish iPSCs from human fibroblasts and CD34+ cord blood cells. Vectors were
easily removable at non-permissive temperatures [34]. Although all of these
techniques have provided us with safer iPSCs, each struggles with their own
difficulties and problems, particularly concerning efficiency.

5.3.3 Delivery of Protein and mRNA Version
of Reprogramming Transcription Factors

It is believed that delivery of transcripted or translated versions of genes into host
cells will result in their accelerated functions. In addition, their function without
integration into the host genome is undoubtedly a reasonable expectation that they
could be used for generating safer iPSCs. To support this idea, two groups have
successfully established iPSCs using just the protein version of Yamanaka’s
factors (Fig. 5.1a) [35, 36]. They have transduced their Tat-fused transcription
factors into target cells after production of the proteins in bacterial [35] or
eukaryotic cells [36]. This method, as with the methods mentioned above, suffers
from the problem of low efficiency and needs optimization. Technical issues, such
as in vitro post-translational modifications of recombinant proteins, as well as
purification of recombinant proteins and their half-lives, are among the most
important technical issues that should be considered.

Recent breakthroughs in which scientists have successfully generated iPSCs by
transfection of the mRNA of Yamanaka’s factors into somatic cells at high effi-
ciencies have brought these cells one step closer to the clinic setting [37, 38]. It has
previously been shown that transcriptome transfer of one cell type to another can
produce a predictable cellular phenotype. In one study, the total transcriptome of
astrocytes which contained RNAs in the appropriate relative amounts that gave
rise to regulatory RNA and translated proteins has been transferred into post-
mitotic neurons. The astrocyte RNA population converted 44% of the neuronal
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host cells into the destination astrocyte-like phenotype [39]. In a recent study,
in order to obtain a highly efficient generation of iPSCs by mRNA transfection,
researchers have in vitro produced mRNA that incorporated modified ribonucle-
oside bases, which exhibited a reduced immunogenic profile and increased
sustainability of RNA-mediated protein expression. With contribution from
mRNAs of five transcription factors (Oct4, Sox2, c-Myc, Klf4, and Lin28), and
transfection of these synthetic mRNAs into human fibroblasts under reduced
oxygen culture conditions, the researchers succeeded in generating iPSCs with an
efficiency of 4.4%. Although this method seemed to be very efficient and safe, the
protocols used were multi-step and complex. This issue should be considered in
experimental designs [37].

5.3.4 Safer Approaches that Eliminate the Application
of Exogenous Reprogramming Transcription Factors

The main challenge in the field of iPSCs is the removal of integrating viruses, and
whether there are possibilities that can replace well-known reprogramming factors
with the intent to generate iPSCs at a higher efficiency. To reach these goals
scientists have examined two hypotheses: application of small molecules and
generation of iPSCs using miRNAs.

5.3.4.1 Small Molecules

The role of small molecules in stem cell biology has been intensively investigated
by different groups [40–42]. It has long been hypothesized that small molecules
can modulate cellular processes through their involvement in cellular signaling
pathways [40, 43]. In direct cell reprogramming trials that have been carried out by
the introduction of four transcription factors into somatic cells, the important role
of small molecules has been established. It can be said that small molecules play a
role in iPSC biology by enhancing both the efficiency of iPSC generation and
replacing exogenous transcription factors [44]. Small molecules in iPSC biology
function as DNA methyltransferase and histone deacetylase (HDAC) inhibitors,
signaling pathway inhibitors, and inducers [42, 43, 45, 46]. By administration of
DNA methyltransferase and HDAC inhibitors, Huangfu et al. [45] have improved
the efficiency of mouse iPSCs more than 100-fold and successfully removed Klf4
and c-Myc from their cocktail, thus generating hiPSCs with only two factors (Oct4
and Sox2) [46]. There are studies in which small molecules have specifically
replaced one transcription factor [47]. It seems that small molecules have the
potential to fulfill scientists’ dreams of generating patient-specific cells by using
these molecules without any genetic materials. There are reports regarding the use
of only small molecules to generate partially reprogrammed cells [41].
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5.3.4.2 MicroRNAs as Another Approach to Generate Safer iPSCs

The role of miRNAs in the cellular process and stem cell biology has been
intensively investigated by different groups. Since ESCs have distinct miRNA
signatures [48, 49], logically it seems that they could play a role in reprogramming
a cell’s fate. Thus, it could be possible to develop alternatives for transgenes that are
currently used in direct reprogramming. The work by Judson et al. [50] has proven
this hypothesis to some extent in which they have shown that ESC-specific
miRNAs (miR-291-3p, miR-294, and miR-295) promote induced pluripotency.
By transfecting miR-291-3p, miR-294, and miR-295 along with Oct4, Sox2, and
Klf4, they have observed an increase in the efficiency of generating iPSCs. This
increase was noted to occur without c-Myc in the cocktail. After addition of c-Myc,
the three factors along with used miRNAs could not increase the efficiency of
generating iPSCs. It is believed that c-Myc promotes early stages of reprogramming
through activating the miR-290 family and, as mentioned above, these miRNAs are
downstream effectors of c-Myc during reprogramming. After activation of the
miR-290 family, the need for c-Myc expression at later stages of reprogramming is
dispensable [21, 51]. It can be said that expression of the miR-290 family at the
initial stages of reprogramming could replace c-Myc to promote reprogramming
[50]. There is a report concerning c-Myc repression of MEF-enriched miRNAs such
as miR-21, let-7a, and miR-29a during reprogramming. It has been shown that after
introduction of c-Myc into MEFs for the generation of iPSCs, the expression level
of MEF-enriched miRNAs decreased and depletion of miR-21 and miR-29a
enhanced reprogramming efficiency in MEF [51].

The power of miRNAs in cell fate reprogramming has been shown when two
groups reported that, without the need for transcription factors, miRNAs could
convert somatic cells into iPSCs per se (Fig. 5.1a) [52, 53]. By expressing the
miR302/367 cluster in mouse and human somatic cells, Anokye-Danso et al. [53]
could successfully convert these cells to iPSCs without the need for transcription
factors, both over a shorter time period and more efficiently than the transcription
factor approach. These researchers have observed greater than two orders of
magnitude efficiency when compared to the standard Oct4/Sox2/Klf4/Myc-
mediated methods. Although the method is highly efficient, problems concerning
the application of viral vectors to deliver miRNAs into cells is one challenge which
again raises safety issues. However, in a recent work, Miyoshi et al. [52] have
transfected mature double-stranded miRNAs from a combination of the mir-200c,
mir-302s,and mir-369s family converted mouse and human cells to pluripotency.
Since there is no viral vector to be used in this method and mature miRNAs are
directly introduced into cells, the method holds great promise for regenerative
medicine and biomedical research; however, this method suffers from the problem
of low efficiency. The mechanisms behind microRNA functions in cell fate
reprogramming have largely remained unknown. For some, such as miR302, its
role in cell fate reprogramming has previously been shown by Lin et al. [54, 55] in
which they converted human skin cancer cells and hair follicle cells (hHFCs)
into a pluripotent state. It seems that, by inhibiting translation of some epigenetic
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regulators (AOF1/2, MECP1/2 and DNMT1), global DNA demethylation is
induced and finally activation of core pluripotency factors (Oct4, Sox2, and Nanog)
complete the reprogramming process [56]. There are some miRNAs that enhance
reprogramming efficiency by specifically targeting one transcription factor. As
reported by Pfaff et al. [57], miRNA family miR-130/301/721 enhances iPSC
generation via repression of Meox2.

Although the role of miRNAs in induced pluripotency has strongly been
established, there are some miRNAs that act as barriers to reprogramming. It has
been demonstrated that the miR-34 family, particularly miR-34a, exhibits
p53-dependent induction during reprogramming and their depletion in mice
somatic cells significantly increases the efficiency of reprogramming. Repression
of the pluripotency genes Nanog, Sox2, and N-myc by miR34a is one reason for
reprogramming suppression [58].

5.4 iPSCs and ESCs: The Level of Similarity

After establishment of the first iPSC colonies from mice, followed by human
somatic cells, scientists had to confirm their cells’ pluripotency and stemness
characteristics. Scientists could only evaluate their established cells by comparing
them with ESCs as a gold standard for analyzing iPSCs. In consideration of ESCs
as an index for evaluating iPSCs, the most important question that arises is to what
extend these two cells are equivalent. In 2006, when the first iPSC colonies were
reported by Japanese scientists, their global gene expression patterns and DNA
methylation status were analyzed. The researchers concluded that these iPSCs
were not identical to ESCs [8]. In another study they found 1,267 genes differ-
entially expressed between hiPSCs and human ESCs [10]. These results were
repeated by other groups, all of who have reached the same conclusion that
iPSCs and ESCs are not identical in view of their total gene expression profiles
[9, 15, 59]. In 2009, UCLA scientists reported that iPSCs ‘‘share a gene expression
signature that defines the iPSC state as unique from that of ESCs’’ and ‘‘should be
considered a unique subtype of pluripotent cells’’ [60]. Carrying out a detailed
genome-wide expression analysis between human ESC and iPSC clones at
different passages, they have concluded that iPSCs are highly similar to ESCs, but
they are more similar to each other than to ESCs and late passage iPSCs are closer
to ESCs than early passage iPSCs. The study has shown that ‘‘(1) at early passage
hiPSC lines are incompletely reset to a hESC-like expression pattern and (2) even
at late passage differences between hESCs and hiPSCs persist and reflect an
imperfect resetting of somatic cell expression to an ESC-like state.’’ The feature
seen in early passage hiPSCs is not a common feature of low passage pluripotent
stem cells but is specific to hiPSCs. However, the hallmark of the study was when
the researchers compared the transcriptome data from four labs and observed that
15 genes are consistently expressed differentially between early passage iPSC and
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ESC lines. The researchers also found that their iPSC lines have established the
H3K27 methylation state in the same manner as ESCs, which suggests that early
and late hiPSC gene expression signatures probably do not arise as a result of
faulty resetting of H3K27 trimethylation during reprogramming. Nevertheless,
they detected few miRNAs that consistently expressed differently between human
ESCs and late hiPSCs.

The UCLA scientists have reported the presence of 15 genes that consistently
express differently between iPSC and ESC lines. Two other studies, however, after
analyzing their own materials in addition to the data of Chin et al. [60] by using
improved statistical methods have claimed that there were no consistent gene
expression differences between iPSC and ESC lines [61, 62]. The researchers
determined that the observed differences were lab-specific variances and not due to
ESC/iPSC identity. Guenther et al. [62] have analyzed histone modifications for
H3K4me3 and H3K23me3 and scanned the entire genome for identification of
regions with significant differences in H3K4me3 and H3K27me3 occupancy
between ESCs and iPSCs. They found very small genomic rejoins that had
different H3K4me3 and H3K23me3 occupancies. Other studies have investigated
whole genome DNA methylation, histone modification, and gene expression status
between iPSC and ESCs, and came to the conclusion that these two types of
pluripotent stem cells have different features [63–66]. With regard to some
residual gene expression from the original cell type which might be due to
epigenetic memory retained from the original cells and iPSC-specific differentially
methylated regions (iDMRs) not observed in progenitor somatic cells and ESCs
(Fig. 5.1b), which might be a product of aberrant reprogramming [64], it seems
that observation of these types of differences is not uncommon [67–69]. It is
believed that long-term passaging may erase this memory; however, it may cause
some unwanted outcomes such as ‘‘culture adaptation’’ and contribute to tumor-
igenic differences between early and late passage cells of the same hiPSC line [70].
Regarding the report showing consistent differentially expressed genes among
ESCs [71], it is undoubtedly true that variations exist among iPSC lines regarding
their cells of origin, genetic background, method of derivation, culture condition,
passage number, and most importantly the statistical method used. However, there
is no certainty regarding the consistent expression in these lines. Therefore, it is
possible to eliminate this variation by using more standard methods, and the same
materials and methods for analysis.

5.5 Applications

Ease of derivation of iPSCs brings to mind the question of what would be the most
important use for these cells. Perhaps the main purpose would be regenerative
medicine, which is a distant goal. However, modeling of human diseases and the
generation of tissue-specific cell types for drug discovery could be immediate uses
for this technology.
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5.5.1 Application of Patient-Specific Cells for Generation
of Immune-Compatible Tissue Cell Types

It is generally believed that the primary, final goal in generating iPSCs is
regenerative medicine. Therefore, these cells should be studied in clinical trials
and used for transplantation of patients’ own cells as cures for diseases. However,
in order to reach this goal some important issues need to be overcome. Problems
such as integration of transgenes into the genome, the application of certain
oncogenes (c-Myc and Klf4) for the generation of iPSCs in addition to other
problems such as whether the established cells are fully reprogrammed and cell
tumorigenicity are considered to be the most important barriers for clinical
application of iPSCs as created by the current methods.

5.5.2 Disease Modeling

The ultimate goal of scientists is to study disease development in vitro, which has
somewhat been fulfilled by the establishment of iPSCs. The generation of hiPSCs
provides a new method for elucidating the mechanisms underlying human disease.
There are some established ESC lines that have been derived from diseased
embryos diagnosed by PGD (Preimplantation genetic diagnosis) analysis [72, 73].
The wide range of diseases that could be covered by ESCs is very low since most
diseases cannot be detected by PGD analysis. Additionally, it is difficult to find
embryos that suffer from a wide range of diseases.

The generation of iPSCs provides a very promising approach for the estab-
lishment of pluripotent cells from a wide range of diseases in vitro. Thus far,
there are many iPSC lines from different diseases that have been produced by
different groups [74–78]. In 2008, a group of scientist at Harvard University
succeeded to establish iPSC lines from patients with a variety of genetic diseases
from either Mendelian or complex inheritance [75]. In their study, the authors
only produced iPSC lines from patients who suffered from adenosine deaminase
deficiency-related severe combined immunodeficiency, Shwachman-Bodian-
Diamond syndrome, Gaucher disease type III, Duchenne and Becker muscular
dystrophy, Parkinson disease, Huntington disease, juvenile-onset type 1 diabetes
mellitus, Down syndrome/trisomy 21, and the carrier state of Lesch-Nyhan
syndrome. The researchers characterized these established cell lines according to
their mutations and pluripotency characteristics. Our group has also succeeded in
generating iPSCs from a number of liver diseases that include tyrosinemia type I,
GSD1, progressive familial hereditary cholestasis, and Crigler-Najjar syndrome.
We have differentiated these iPSCs into hepatocyte-like lineages to test albumin
secretion and LDL uptake [26]. However, there are reports in which the authors
have analyzed the phenotype of disease-derived iPSC lines for their potential to
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differentiate to cell types of interest, i.e., certain diseases. Additionally, in some
cases, they have shown disease-specific changes in cell survival and function.
Examples of modeled and functionally analyzed diseases include the following
neurological and neurodegenerative conditions: amyotrophic lateral sclerosis,
spinal muscular atrophy, Parkinson disease, familial dysautonomia, fragile
X (FX) syndrome, and Rett syndrome. Hematopoietic disorders include beta-
thalassemia, Fanconi anaemia, and dyskeratosis congenita. In patients who suffer
from cardiovascular disease, such examples include long QT syndrome types
1 and 2, and leopard syndrome, whereas in metabolic disorders, modeled
diseases include familial hypercholesterolemia and glycogen storage disease type
1a (GSD1a) [29, 76–87], (review: [44, 88–90]).

Although modeling of diseases with defects in a single gene by using iPSC
technology seems to be promising, there are beliefs that the application of iPSC
technology to model more complex diseases such as psychiatric diseases would
be more challenging. One of the more surprising reports about the application of
iPSCs to model complex diseases is a model of the debilitating psychiatric
disorder, schizophrenia [74]. By obtaining fibroblasts from childhood-onset
schizophrenia from both schizophrenic children and adults, the researchers have
succeeded in establishing iPSC lines for this disease. It seems that studying those
more complex diseases, such as psychiatric disorders (schizophrenia) at the
cellular and molecular levels in vitro would not be more informative. However,
after reprogramming patient-derived fibroblast cells to iPSCs and their
subsequent differentiation toward affected, neuronal cells, they found that
neurons derived from schizophrenia hiPSCs showed diminished neuronal
connectivity in conjunction with decreased neurite numbers, PSD95-protein
levels, and glutamate receptor expression [74]. The study has also shown
alterations in the gene expression profile of schizophrenia hiPSC neurons for
components of the cyclic AMP and WNT signaling pathways. This result
resembled, to some extent, a study by Wang et al. [91] in which the researchers
have detected some alterations in gene expression in fibroblasts derived from
schizophrenia patients. It could be assumed that these alterations have shown
their effects after differentiation toward neuronal cells, which was accomplished
after the generation of iPSCs from those fibroblast cells. Since some aspects of
schizophrenia are manifested at the peripheral level in proliferating cell types,
it seems that application of iPSCs for investigation of this disease at the
molecular and cellular levels would be more informative. Modeling more
complex disease such as schizophrenia in the lab, by using iPSC technology,
paves the way toward investigation of other diseases in vitro with the use of this
technology. Although the specificity of each disease may be problematic during
investigations, thus it should be noted that such studies be complemented by
using animal models to study these diseases in order to better understand the
molecular mechanisms of the disease.
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5.5.3 Generation of Desired Cell Types for Drug
Discovery and Screening

Another application of patient-specific iPSCs, in addition to generating disease
models, is the potential they have as an unlimited cell source for drug screening
and discovery for various diseases. The availability of hiPSCs provides very
exciting opportunities for general and patient-specific high throughput drug
screening. In drug discovery trials, in addition to development of different animal
models for a vast variety of diseases, pharmaceutical companies have long been
using diverse cell culture models that range from cell cultures derived from tumor
cell lines or cells immortalized through genetic transformation to primary cell
cultures from tissues, but recently robust ESCs and iPSCs have eliminated many
drawbacks of previous in vitro models, even they have certain difficulties.

In addition to the application of iPSCs for the study of basic biology and disease
pathologies [92], there are reports about the application of iPSCs to achieve
biological products. Our group has succeeded in generating iPSCs from an
individual with Bombay blood type [93]. Currently, we are attempting to generate
a universal donor red blood cell from this iPSC line. There is another group that
has already succeeded in generating red blood cells from iPSC lines [94]. Given
the fact that, having more than approximately 81 million units of donated whole
blood and 20 million of plasma annually, we are still faced with blood shortages.
Therefore, these products would be of tremendous help for patients who suffer
from these shortages. It is believed that the application of iPSC technology to
study basic biology, developmental biology, disease modeling, regenerative
medicine, and the creation of biological products is increasing daily.

5.6 Concluding Remarks

Although there are debates on the different aspects of iPSCs including efficiency,
safety, similarity to ESCs, the remaining epigenetic signature of the original cell,
immunogenicity, and many important questions related to the technical aspect of
these cells, it seems iPSCs can play an important role in disease modeling and drug
screening studies. It is believed that establishing iPSCs without any remaining
epigenetic memory from the original cell type and without any single nucleotide
variations in comparison with the parental cell type is the primary focus for
scientists working on iPSC biology. Creating iPSCs that acquire the ground state
of pluripotency characteristics mandates established, defined culture conditions
and convenient high efficient protocols. More studies need to uncover the
molecular mechanisms of direct reprogramming which may help scientists to
design new establishment protocols. Prior to their clinical use, although iPSCs
have some specific challenges, they share some bottlenecks with ESCs including
the cell status after additional passages and the establishment of more efficient
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differentiation protocols. Another challenging issue regards the decreased effi-
ciency of iPSCs compared with ESCs according to some reports, which raises
additional questions about the differentiation potential of iPSCs [95]. Direct
conversion of one cell type to another one, or ‘‘transdifferentiation’’, is another
approach that may help researchers clearly understand cellular plasticity and its
application in regenerative and personalized medicine.
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Chapter 6
iPS Cells: New Applications for Metabolic
Liver Diseases

Tobias Cantz, Abbas Beh-Pajooh and Malte Sgodda

Abstract Gaining insight into the biology of human stem cells and the early
embryonic development helps us to generate new ways for generation of tissue-
specific cells from embryonic stem cells or other pluripotent stem cell resources.
The landmark studies from Shinya Yamanaka and others opened a new era in stem
cell biology, by providing a technology that allows the generation of pluripotent stem
cells from patients’ cells and, thus, allowing the generation of disease-specific
stem cells. But in their pluripotent stage those stem cells cannot be readily used for
studies of the disease phenotype and improved differentiation protocols need to be
applied to get a disease-specific cell phenotype. Combining these two major
advances in the field of stem cell biology, new approaches for studying metabolic
liver diseases in correlation to each patient’s symptoms are available, which provide
a breakthrough in new drug target research or individual gene therapy.

6.1 Introduction: Stem Cells and Hepatic
Cell Transplantation

The liver might be an ideal target organ for cell-based therapy for genetic diseases.
More than 200 liver-based defects are identified, which can cause hepatic and
extrahepatic diseases and such inborn errors of liver metabolism account for
15–20% of pediatric liver transplantations. However, not all patients with
metabolic diseases are urgent candidates for full organ transplantation and might
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not be selected for transplantation due to the limited number of available donor
organs. But these patients experience poor quality of life due to specific treatments
or diet restrictions. Since adult hepatocytes represent the smallest and most pivotal
functional entity of the liver, hepatocyte transplantation has already been proven to
restore liver function. Hereby, hepatocytes engraft in the recipient liver and
functionally connect with the surrounding cells [1, 2]. In case of an immense liver
injury and/or selective growth advantage, engrafted cells respond to growth stimuli
and repopulate recipient’s liver [3, 4]. Hence, the elucidation of the molecular
pathways of liver regeneration and extensive preclinical cell transplantation
experiments in animals have led to the application of hepatocyte transplantation in
a limited number of patients with hereditary metabolic liver diseases and acute
liver failure [5–7]. Meanwhile, some clinical centers are currently evaluating cell
transplantation approaches in phase I and II clinical trials using primary human
hepatocytes from non-transplantable donor organs [8–10].

As a preferable source for hepatic cell transplants, patient-derived stem cells
were extensively studied [11–13] and much enthusiasm arose from patient-derived
induced pluripotent stem (iPS) cells. The generation of iPS cells from adult
somatic cells by retrovirus-mediated expression of pluripotency-associated genes
in mice [14–17] and in humans [18–21] offers a unique tool to generate patient-
specific iPS cells. In a different approach, James Thomson identified a slightly
modified approach using a lentiviral expression system to deliver the transcription
factors of Oct4, Sox2, Nanog, and Lin28 to human dermal fibroblasts [19] for iPS
cell generation. A lot of progress is reported with respect to safer strategies for the
generation of transgene-free iPS cells and alternative approaches to generate
clinically applicable iPS cells have been reported using conventional plasmids
[22], non-integrating adenoviral [23], Sendai viral [24], and episomal vectors [25]
as well as protein transduction [26, 27]. Very recently, efficient reprogramming of
human cells was shown through multiple transfection with synthetic mRNAs [28].
However, some recent publications questioned the clinical applicability of human
iPS cells by describing substantial genomic abnormalities, such as copy number
variations or point mutations [29–31], and altered epigenetic modifications, such
as DNA methylation patterns [32]. Furthermore, the immunogenicity of patient-
derived iPS cells might be still an issue, as it was demonstrated that murine iPS
cells could be rejected upon transplantation into syngenic recipients [33]. Based on
recent improvements applying polycistronic, excisable, and improved lentiviral
constructs [34, 35] that prevent unfavorable reprogramming factor stoichiometries
[36, 37], we argue that an efficient lentiviral reprogramming system might be the
most suitable approach to generate human iPS cells for current pre-clinical studies.

The use of stem cell-derived hepatic cells for transplantation will not only need
efficient in vitro differentiation protocols to obtain a definitive hepatic phenotype, but
also requires in vivo repopulation and differentiation capabilities upon transplanta-
tion. In previous studies we were able to demonstrate that fetal liver cells exhibit
these capabilities and efficiently engraft into host livers and acquire a fully mature
phenotype within 2 weeks after transplantation [38]. However, in the context of
murine and human embryonic stem cell-derived hepatic cells, we observed only
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limited repopulation capabilities of such stem cell-derived hepatic cells [39].
In a recent study, Haridass et al. [40] compared adult fetal and ES-derived hepatic
cells from murine and human origin as transplants in mice, which allowed a semi-
quantitative in vivo analysis. In mice expressing the toxic uroplasminogen activator
(uPA) under the control of the albumin promoter from only one allele, severe hepatic
failure occurs within the first weeks after birth. However, if the transgene is
eliminated in rare events, such spontaneously ‘‘repaired’’ cells can repopulate the
liver and the mice can develop normally. Transplanted hepatic cells have a
competitive growth advantage and therefore can reliably be studied in this particular
system. When these mice were cross-bred to mice from an immuno-deficient
Rag2–/–cc–/– background, also human cells could be transplanted and such xenografts
were accepted without signs of immunorejection. Interestingly, the ability of
repopulating these uPA-mouse livers increased with the developmental stage of the
transplanted hepatic cells, which means that the size and number of regeneration
nodules was biggest in mice transplanted with adult hepatocytes and lowest in mice
transplanted with murine ES-derived cells. Furthermore, murine cells showed
more efficient engraftment and repopulation than human cells. Concluding from
these findings it is not too surprising that even in this highly selective model for
xenogenic cell transplantation, human ES-derived hepatic cells failed to repopulate
uPA-mouse livers. To date, no unequivocal report has described the functional
restoration of liver diseases using human ES-derived cells. Therefore, we speculate
that the existing hepatic differentiation protocols need to be optimized to generate
more mature hepatic cells that resemble advanced human fetal hepatoblasts. Taken
into account that human iPS cells might be less susceptible for specific differentiation
stimuli, even the best available ES-differentiation protocols might fail to generate
hepatic cells that are mature enough to exhibit a functional phenotype in vitro.
Therefore, in these days a lot of emphasis is laid on comparisons of various human
iPS cells and ES cells as well as on defining crucial steps for successful generation
of human iPS cell-derived hepatic cells.

But, besides the direct use of iPS cell derivatives as therapeutic cell transplants,
patient-specific, or disease-specific iPS cells are a unique resource to study the
pathophysiology and new therapeutic strategies of the respective disorder.
The implications of genetic defects during the specification of the affected cell
type can be investigated and the severity of the defects can be correlated to the
individual course of the disease. Most importantly, derivatives of disease-specific
iPS cells offer an unlimited cell resource for in vitro studies and high throughput
screenings of potentially new drug targets.

6.2 Modeling of Metabolic Liver Diseases Using iPS Cells

In order to use iPS cells for pathophysiologic studies of the disease, the relevant
cell type must be generated in vitro. To this end, suitable differentiation protocols
need to be applied and a mature cell phenotype need to be acquired to adequately
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model the respective disease. In the past, several groups including ours succeeded
in the generation of hepatic precursor cells from human and mouse embryonic
stem cell lines [41–43]. With the existing differentiation protocols a primitive
hepatic phenotype with the fetal gene expression patterns can be induced in the
majority of the embryonic stem cells [39, 44]. Transplantation of these cells,
however, have so far been resulted only in scattered formation of hepatocytes or
were reported to form small hepatocyte clusters in major urinary protein promoter
driven urokinase-type plasminogen activator (uPA) and FAH–/– mice [45, 46].
Nevertheless, in more recent publications, hepatic cell differentiation of human ES
cells was refined [47, 48] and hepatic cells suitable for pharmacological testing
have been described [49]. Fortunately, recent insights into various signaling
pathways that are involved in hepatocyte differentiation of cells have increased our
knowledge to induce a mature hepatic phenotype more efficiently [46, 50, 51].
Therefore, more advanced protocols for murine cells [45, 52] could be adapted for
the use in human ESCs as recently described [48, 53–56].

Currently, those improved hepatic differentiation protocols seem to be appro-
priate for studies of disease models, because they give rise to hepatic cells,
displaying the respective disease phenotype. This was demonstrated for a murine
model of Wilson’s disease (toxic milk mice), a model of acute tyrosinamia type I
(FAH mice), and for a model of a1-antitrypsin deficiency (PiZ mice), where in all
three experimental models the respective metabolic defect could be observed in
hepatic cells derived from the respective iPS cells [57]. Moreover, various human
liver disease-specific iPS cells were described covering patients suffering from
a1-antitrypsin deficiency, Glucose-6-phosphate deficiency, LDL-receptor
mutations, Crigler-Najjar-Syndrome, Tyrosinemia type I, Progressive Familial
Hereditary Cholestasis, as well as from Wilson’s disease [58–60]. For the latter,
a gene correction approach has already been applied, which suggests that an
efficient rescue of the Wilson’s disease phenotype could be achieved by a lentiviral
expression of an intact ATP7b gene copy.

6.3 Genetic Correction of Disease-Specific iPS Cells

If iPS cell–based transplantation approaches are considered for genetic disorders,
gene therapy must also be considered to rescue the diseased phenotype [61]. The
genetic engineering of ES and iPS cells appears to be rather inefficient, but
recently published results on a targeted genetic engineering approach showed great
promise [62]. As a proof-of-principle, it was already demonstrated that iPS cells
from a murine sickle cell anemia model could be repaired by homologous
recombination and were successfully used as a transplant for the correction of the
disease [63]. However, this approach is rather inefficient and is difficult to be
applied to human ES or iPS cells. The use of tailored zinc fingers attached to an
endonuclease for site-specific double-strand breaks substantially increases the
efficiency of recombination, but the flanking regions of the repair constructs are
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only 0.5–1 kbp long, and therefore specific zinc fingers need to be designed for
each targeted locus [62]. Furthermore, the classic approach of electroporation to
introduce BACs and deliver more than 100 kbp of gene flanking regions is
accompanied by severe DNA damage (double-strand breaks) and by offsite inte-
grations of part of the transferred DNA [64, 65]. Considering orphan diseases,
gene correction by zinc finger–based homologous recombination approaches
cannot not be easily used, unless new targeting strategies are designed for each
new mutation. Therefore, third-generation self-inactivating lentiviral vectors,
which are much safer in terms of oncogenic transformation than conventional
gamma-retroviral vectors [66] are supposed to be a reasonable option. In fact,
lentiviral vectors have already been used in clinical setting as part of the thera-
peutic intervention for a variety of disease states, including advanced forms of
HIV infection, inherited disorders affecting hematopoietic cells, and Parkinson’s
disease [67]. Such improved vector architecture was used in a recent gene therapy
trial for X-linked adrenoleukodystrophy [68] and is also currently used in an
ongoing multicenter trial for Wiskott-Aldrich syndrome, coordinated by the San
Raffaele Telethon Institute for Gene Therapy [69]. A very well studied example
for the efficacy of a lentiviral gene correction for the originating fibroblast
population has been publised for Fanconi anemia—specific iPS cells [70].
Nevertheless, significant silencing of the transduced transgene has been observed
during in vitro differentiation into hematopoietic cells. In a recent report from our
laboratory, we also observed significant silencing of a lentiviral trangene upon in
vivo differentiation of the gene-corrected iPS cells in a tetraploid embryo aggre-
gation experiment [71]. In this study, we generated iPS cells from a murine model
of tyrosinemia type 1 (fumarylacetoacetate hydrolase deficiency; FAH–/– mice)
and rescued the diseased phenotype by lentiviral transduction of an FAH trans-
gene, which resulted in a constitutive expression of FAH in the gene-corrected iPS
cells (Fig. 6.1). We then applied tetraploid embryo aggregations to generate fully
iPS cell-derived mice and analyzed the capability of the gene-corrected iPS cells to
form functional hepatic cells. Interestingly, we obtained healthy mice from the
gene-corrected iPS cells, but less than 50% of the hepatocytes showed FAH
expression in the liver. With this set of data we confirmed that lentiviral gene
correction strategies face issues of transgene silencing upon in vivo differentiation
as well. Nevertheless, those cells that actively express the gene correction trans-
gene do not acquire functional restrictions and might be applied toward cell-based
therapeutic applications.

6.4 Outlook

Combining two recent breakthroughs in stem cell biology, that is the generation
of patient-derived pluripotent stem cells and the generation of hepatic cells from
uncommitted pluripotent stem cells, new approaches might emerge treating
various metabolic liver diseases.
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Although this approach holds great promise, it lacks feasibility as long as
suitable automated cell culture systems are missing, due to their enormous
personnel workload. Furthermore, safety analyses ruling out major risks due to
extended cell proliferation in vitro and cell manipulations during iPS generation
and gene correction of the cells, and hepatic specification prior to transplantation
should be considered. Moreover, chromosomal aberrations, which also deregulate
epigenetic modifications, might be a potential risk for cellular misfunctioning
or tumorigenesis.

With respect to individualized regenerative medicine, patient-specific cell lines
might be generated and gene corrected prior to transplantation of in vitro-
differentiated cells. To this end, safe and sustained gene correction techniques
should be elaborated as the currently available technologies still harbor risks of
either oncogenic transformation and severe DNA damage, or substantial silencing
of the rescuing transgene during differentiation processes.

Because such issues are not relevant for in vitro studies on the diseased
phenotypes of the respective disease, patient-specific iPS cells will be of high
interest for studying those metabolic liver diseases lacking a suitable animal model
or to evaluate new drug targets on patients’ cells. These cells not only offer a
unique opportunity for studies in pathophysiology, but may also serve as an
unlimited resource for studying new drug targets using small compound screens.

Fig. 6.1 Strategy for lentiviral gene therapy in iPS cells. Integrating lentiviral vectors combine
the preferable capabilities of sustained transgene expression and efficient stable transfection rates.
For the genetic correction of a inherited disease a constitutively active promoter, such as the
spleen focus-forming virus (SFFV) promoter, can be used to drive the expression of an intact
cDNA copy encoding the respective gene, e.g., FAH. Also, a co-expression of a fluorescent
reporter (GFP) can be achieved by linking that cDNA using a 2a-peptidase motif. After lentiviral
vector production, the viral cargo can be delivered to the disease-specific iPS cells and the repair
constructs get integrated into the host genome. Finally, the intact gene copy is expressed along
with the fluorescent reporter
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Chapter 7
Vascular Differentiation of Human
Pluripotent Stem Cells

Helena Vazão, Mário Grãos and Lino Ferreira

Abstract Human pluripotent stem cells (hPSCs) are an unlimited source of
endothelial and smooth muscle cells for regenerative medicine, drug screening,
and toxicology assays. Significant advances have been made in the last 10 years in
driving the differentiation of human embryonic stem cells into vascular cells and
some of the approaches have been implemented recently in the differentiation of
induced pluripotent stem cells. This chapter reviews the progresses done so far in
the vascular differentiation of hPSCs focusing in the efficiency and kinetics of the
differentiation protocols, inductive signals, maturation, and functionality of the
hPSC-derived cells and their therapeutic potential.

7.1 Introduction

Human pluripotent stem cells (hPSCs) including human embryonic stem cells
(hESCs) and human-induced pluripotent stem cells (hiPSCs) are promising sources
of vascular cells for regenerative medicine, drug discovery, and toxicology assays.
hESCs derived from the inner cell mass of blastocysts were originally isolated by
James Thomson and co-workers [1]. hiPSCs derived by the transfection of adult skin
cells (fibroblasts) with four pluripotency genes were isolated and characterized for
the first time by Shinya Yamanaka and James Thompson labs in 2007 [2, 3].
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hiPSCs have properties similar to hESCs including similar morphology, karyotype,
high level of telomerase, expression of characteristic genes and proteins, ability to
give rise to cells of the three germ layers; endoderm, ectoderm and mesoderm, and
can be maintained in vitro for several months without losing their properties [1, 4].

hPSCs are an important system to study embryonic vasculogenesis, being
vasculogenesis the process by which blood vessels are formed de novo. In
mammals, vasculogenesis occurs in parallel with hematopoiesis, the formation of
blood cells [5]. In addition, hPSCs represent an unlimited source of vascular cells
for regenerative medicine. hPSC-derived vascular cells can be useful for both
initiating vasculogenesis and angiogenesis in clinical ischemic conditions [6–10].
Angiogenesis stimulation by hPSC-derived vascular cells can be induced from
their secretion of pro-angiogenic and pro-survival growth factors and cytokines as
well as from the physical contact with pericytes or smooth muscle cells [11].
Finally, although less explored, hPSC-derived vascular cells can be an important
model for drug screening and toxicology assays [12]. The establishment of hPSC
cell lines from patients with inherited diseases presenting vascular abnormality
should enable the identification of new drugs to treat the disease.

Several methodologies have been reported in the differentiation of human
pluripotent stem cells (both human embryonic stem cells and induced pluripotent
stem cells) into vascular cells and these achievements have been recently reviewed
elsewhere [11, 13–15]. A major challenge in this field is to develop more efficient
protocols (in terms of differentiation yield and kinetics) for the differentiation of
hPSCs, and in conditions that might be suitable for clinical translation (i.e., in
serum-free conditions). Another challenge is related to the development of
methodologies that are conducive to the full maturation of vascular cells.

This chapter reviews the different methodologies used so far to derive vascular
cells from human pluripotent stem cells, specifically taking into account the yields,
kinetics of the differentiation process, and maturation of the vascular cells
(Fig. 7.1). The differences between vascular cells derived from hESCs and hiPSCs
will be analyzed. In the second section of this chapter we will describe aspects
related to developmental cues conducive to the vascular differentiation of human
pluripotent stem cells. In the third and fourth sections we will describe the vascular
potential of hESCs and hiPSCs, respectively. Finally in the fifth section we will
refer examples related to the application of the hPSC-derived vascular cells for
tissue engineering.

7.2 Embryonic Vascular Differentiation

During embryonic development, there are four key steps in vasculogenesis: (i) the
establishment of the angioblasts from mesoderm, (ii) the assembly of angioblasts
into vascular structures, (iii) the formation of vascular lumens, and (iv) the
organization of continuous vascular networks. Vasculogenesis occurs at two
distinct embryonic locations during development: the extraembryonic and
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intraembryonic tissues [5, 16]. Extraembryonic vasculogenesis precedes intraem-
bryonic vascular development, and in mammals appear as blood islands assem-
bling within the mesodermal layer of the yolk sac. Endocardium and great vessels
are the first intraembryonic endothelial structures formed during development [17].

Some of the steps in vasculogenesis have been reproduced and identified in the
hESC differentiation system [18, 19]. It has been shown that hESC-derived
hemangioblast (a precursor of endothelial and hematopoietic cells) expresses KDR
and develops within 72–96 h of EB differentiation, the stage during which KDR
and CD117 are expressed on distinct populations, prior to the expression of CD31
and CD34. These human hemangioblasts generate distinct blast colonies that
display hematopoietic and endothelial potential [18].

The molecular regulation in the vascular development has been clarified by
several studies in the last decade (reviewed in Ref. [16]). Fibroblast growth
factor (FGF), bone morphogenetic protein (BMP), and Wnt signaling pathways
seem to be key components required for hematovascular differentiation in
differentiating embryonic stem cells [16, 20]. The vascular endothelial growth
factor (VEGF) is the first secreted molecule with specificity for the endothelium
during development. Cells that respond to VEGF must first express its receptors,
Flk-1/KDR and Flt-1 (VEGFR2 and VEGFR1) [21]. Therefore, the appearance
of Flk-1/KDR expression is a marker for hemangioblasts during early develop-
ment [18]. In addition to the early events, there are regulatory factors required
for blood vessels to assemble. For example, some paracrine factors have an
important role in endothelial cell survival and remodeling of the capillary
complex (e.g., angiopoietin) [22].

Fig. 7.1 Schematic diagram of the differentiation protocols used in the vascular differentiation
of human pluripotent stem cells. (A1): Differentiation through an EBs stage; (A2): differentiation
in a co-culture system with feeder cells; (A3): differentiation in 3D scaffolds; (A4): differentiation
in 2D cultures using biomolecules. The differentiation process can include (B1) isolation of VPCs
or hemanglioblats or the direct differentiation of the cells into vascular cells (B2, C, D). hPSC:
human pluripotent stem cells; EBs: embryoid bodies; VPCs: vascular progenitor cells
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After the vasculogeneis and angiogenesis, primordial vascular smooth muscle
cells (VSMCs) are recruited to the endothelium to form a multilayered vessel wall.
Platelet-derived growth factors are required for recruitment of pericytes and
smooth muscle cells to invest in developing arteries and establish vasomotor tone
[23]. As VSMCs become associated with the vascular endothelium, they produce
and organize extracellular matrix (ECM) molecules within the vessel wall [24].
Primordial VSMCs also proliferate shortly after association with the nascent
endothelium [25]. As the vasculature matures, the presence of VSMCs provides
for vascular tone, control of peripheral resistance, and for distribution of blood
flow throughout the developing organism [25].

Most of the VSMCs derive from mesoderm, with the exception of VSMCs from
the great vessels (ascending aorta and branchial arches) that are derived from the
cranial neural crest and VSMCs of the coronary artery, which are derived from
cells that have migrated from the epicardium (reviewed in Ref. [26]). Although the
molecular basis for phenotypic modulation of VSMCs is poorly understood,
specific cytoskeletal and contractile proteins such as alpha-smooth muscle actin
(a-SMA), calponin, caldesmon, smooth muscle myosin heavy chain (SM-MHC),
and smoothelin have been found to characterize VSMC differentiation [27, 28].
In contrast to a-SMA, which may also be expressed by other cells, the smooth
muscle-specific isoforms of myosin heavy chains, SM-1 and SM-2, appear to be
specific markers for VSMCs [29]. Smoothelin, a protein identified from adult
chicken gizzard smooth muscle, is expressed in all vertebrates and is purported to
be a very late marker for differentiated, contractile SMCs [29].

7.3 Vascular Differentiation of hESCs

7.3.1 EC Differentiation

Differentiation methodologies: yields and kinetics. Several methodologies have
been used for the vascular differentiation of hESCs such as embryoid bodies (EBs)
which recapitulates in vivo embryogenesis [9, 30], a mixture of EBs with 2D or 3D
culture systems [7, 8, 10, 31] and co-culture with cell lines [32–35]. Typically, EB
differentiation protocols, where cells are allowed to spontaneously differentiate
into all the germinative cell layers, are relatively inefficient in driving the vascular
differentiation of the cells (yields below 5%) [8, 9]. Although, recent studies have
used different approaches to ameliorate the efficiency of the system by using
inductive agents (e.g., TGFb-1 inhibitor [36] and VEGF165 [37]), bioengineering
approaches (including scaffolds [38] or micro- and nanoparticles [39]), or specific
culture conditions (e.g., hypoxia) [40], the yield (with few exceptions, the yield is
generally below 5–10%) is relatively low. Methodologies using co-culture systems
might be more efficient, in terms of yield, in the vascular differentiation of hESCs.
Several types of feeder layers have been used including mouse embryonic
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fibroblasts [34], OP9 stromal cells [35, 41] M2-10B4 stromal cells [42], and S17
stromal cells [33].

Endothelial cells (ECs) can be isolated from a heterogeneous cell population by
fluorescence-activated cell sorting or magnetic-activated cell sorting. A marker
that has often been used to isolate ECs is CD31 [9, 43]. In some cases (either in
methodologies comprising EB or co-culture with cell lines), the protocols involve
the isolation of hemangioblasts (cells that have the capacity to give rise to
endothelial and hematopoietic cells; e.g. CD31+/KDR/VE-cad+ cells isolated at
day 10 of EB differentiation [30], KDR+ cells isolated at day 4 of EB differenti-
ation [18], or CD34brightCD31+KDR+ cells isolated at day 14 of a co-culture
differentiation system [33]), or vascular progenitor cells (progenitor cells that have
the ability to give rise to endothelial and smooth muscle cells; e.g. CD34+ cells
isolated from EBs at day 10 [8], CD34+ cells isolated from hESCs co-cultured with
M2-10B4 stromal cells or Wnt1 expressing M2-10B4 for 13–15 days [42], KDR+/
TRA1-60- cells isolated at day 8 of a co-culture differentiation system [32]).
In both cases, hemangioblasts or vascular progenitor cells are then cultured in
medium conditions that drive their differentiation into ECs. Although the isolation
of these progenitor cells are important issues to understand related to develop-
mental biology and their therapeutic effect, the percentage of these cells is
relatively low (below 5%). A recent study has reported an efficient methodology to
derive functional hESC-derived CD34+ progenitor cells (vascular progenitor cells)
by both inhibition of MEK/ERK signaling and activation of BMP4 signaling [44].
hESC-derived CD34+ cells were differentiated into functional endothelial cells and
contributed to blood perfusion and limb salvage through neovasculogenesis in hind
limb ischemic mice.

Few of the protocols reported so far have been carried out in serum-free
conditions [31, 36, 45]. Kane and co-workers have expanded hESCs in feeder-free
conditions using pluripotency medium that was then replaced by endothelial
growth medium [45]. In these conditions, 82% of the cells co-express vascular
endothelial-cadherin (VE-cad) and CD31 at day 21 of differentiation. Although it
is necessary to show that the same efficacy can be obtained for several cell lines of
hESCs and the phenotype is preserved after several cell passages, the results are
very encouraging for the potential clinical application of these cells. In a separate
study, Rafii and co-workers developed a methodology for the long-term expansion
of hESC-derived ECs in serum-free conditions [36]. They have identified TGFb
inhibitor SB431542 as a key molecule for human endothelial differentiation and
proliferation in serum-free conditions.

Inductive signals. The differentiation of hESCs into vascular progenitor cells
and then into ECs is largely dependent on the modulation of several intracellular
signaling pathways including BMP4, Wnt, and VEGF. BMP4 (and also BMP2 or
7, but not BMP9), VEGF, and FGF2 were shown to be critical for the induction of
hESCs into vascular progenitor cells (CD34+CD31+ cells) [46]. Using a 12-day
protocol relying on a stromal cell co-culture and defined media formulations, Bai
and colleagues achieved 10% efficiency and showed that BMP4, acting through the
Smad1/5/8 pathway, is required at an early stage of differentiation (days 1–6),
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whereas VEGF and FGF2 are necessary at later stages (day 4 up to day 12).
The early requirement for BMP4 is thought to be related with the blocking of
pluripotency and the induction into mesodermal lineages. ECs could be further
differentiated from the CD34+CD31+ subpopulation with good efficiency, since
approximately 1.3 9 104 ECs were obtained from 1 9 104 CD34+CD31+ cells,
which in turn had been achieved from 1 9 105 hESCs.

Wnt signaling has also been investigated to enhance the differentiation of
hESCs into vascular progenitor cells with the capacity to further differentiate into
ECs. Wnt1 (and Wnt5, to a lesser extent), expressed and putatively secreted by
Wnt1- (or Wnt5-) overexpressing stromal cells used in a stromal-hESC co-culture
system, increased the efficiency of hESC differentiation into CD34+ cells between
three- and fourfold, as compared to the effect of the unmodified feeder cells [33,
42]. Canonical (Wnt1) signaling pathway seems to be the most important for the
endothelial differentiation of hESCs [33]; however, it is unclear the signaling
events occurring downstream of Wnt.

The differentiation of vascular progenitor cells into ECs is mediated by VEGF
signaling. Vascular progenitor cells (CD34+ cells) can be differentiated into cells
with mature and functional features of ECs (both in vitro and in vivo), by stim-
ulation with VEGF [8]. It was later shown that the presence of VEGF at the EB
differentiation stage increases the presence of vascular progenitor cells with
potential to differentiate into ECs [37], suggesting that VEGF plays an inductive
role at various stages of hESC-derived ECs differentiation.

Maturation and functionality of hESC-derived ECs. Several studies have shown
that hESC-derived ECs are functional since they are able to synthesize nitric oxide,
form vascular network in vitro when cultured on top of Matrigel, metabolize
acetylated low-density lipopoprotein (DiI-Ac-LDL), and produce extracellular
matrix for developing a basal lamina [7–10, 30, 31, 36]. Furthermore, in vivo
studies have shown that hESC-derived ECs form microvessels that anastomose
with animal vasculature [9, 10, 42, 47], enhancing blood flow [7, 9, 32, 44].
Unfortunately, to the best of our knowledge, there is no report showing the
specification of the human hPSC-derived ECs into arterial, venous, lymphatic, or
brain-like phenotype either in vitro or after transplantation in animal models.
A recent study has shown that mouse ESC-derived ECs have a preferential venous
phenotype [48], and this might be due to the fact that venous is the default EC
phenotype during development [49]. During embryonic development, specification
into arterial-, venous-, lymphatic-, or brain-derived ECs is defined at gene level
and is mediated by several signaling pathways including VEGF, Notch, and ephrin
before circulation begins [50, 51]. Studies in mouse have shown that ephrinB2 and
its receptor EphB4 are differentially expressed in arterial and venous endothelial
cells, respectively, before the onset of circulation in the developing embryo [52].
After the onset of the circulation, the distinct hemodynamic forces found in
arteries and veins, such as blood flow rate, direction, and pressure, can be a major
driver in the specification of the endothelial cells [50, 51]. Further research
is needed to evaluate the effect of these parameters in the phenotype of
hESC-derived ECs.
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Therapeutic potential of hESC-derived ECs. The therapeutic potential of hESC-
derived ECs has been evaluated in animal models of hind limb [7, 31, 32, 41, 45],
myocardial infarction [6, 10, 31], and after subcutaneous transplantation in
immunodefficient rodents [8, 9]. Most studies have demonstrated that the trans-
planted hESC-derived ECs could be successfully incorporated into the host
vasculature and significantly accelerate local blood flow [7, 32, 41, 53]. Impor-
tantly, mature ECs (not derived from hESCs) had not the same therapeutic effect
when transplanted in the same animal models and thus suggesting that the hESC-
derived ECs have high pro-angiogenic properties [32, 45]. Indeed, these cells
express several angiogenic growth factors including VEGF, bFGF, HGF, and
PDGF-BB [32]. Recent studies indicate that a key player for the enhanced ther-
apeutic effect of hESC-derived ECs is Sirt1, a nicotinamide adenine dinucleotide
(NAD+)-dependent histone deacetylase [54]. Inhibition of Sirt1 attenuates the
differences in functionality between hESC-derived ECs and adult ECs.

Several variables affect the final therapeutic outcome of the ECs derived from
hPSCs. For example, the combined transplantation of hESC-derived ECs with
hESC-derived SMCs has higher therapeutic effect than each cell type administered
alone [41]. Both cells injected intra-arterially can augment neovascularization in an
animal model of hindlimb ischemia. In addition, co-implantation of hESC-derived
ECs with mouse embryonic fibroblasts form durable blood vessels in vivo [34].
At the moment, it is unclear whether the improvement is due to cell–cell interactions
or soluble factors released by the mural cells. The differentiation stage of hESC-
derived ECs also affects their therapeutic outcome. Highly differentiated [32] or very
immature (KDR+/TRA1-60-) [32] hESC-derived ECs do not improve local blood
flow in murine hindlimb ischemia model. However, hESC-derived ECs after
moderate differentiation (10 days) produce nitric oxide, express angiogenesis-
associated mature miRNAS (miR-126, 130a, 1331 and b, and 210), and augment
neovascularization in hindlimb ischemia [45].

7.3.2 SMC Differentiation

Differentiation methodologies: yields and kinetics. Different strategies have been
reported to differentiate hESCs into smooth muscle like-cells (SMLCs) by
exposing a monolayer of undifferentiated hESCs to retinoic acid [55] or a com-
bination of cell culture medium and extracellular matrix environment [8, 12, 56]
either in single-hESC- [57], embryoid bodies (EBs)- [8] or stromal cell- [42]
culture conditions. Most of the protocols reported so far have high efficiencies (i.e.,
high yields) in the differentiation of hESCs into SMLCs. For example, more than
90% of hESCs treated with basal medium supplemented with retinoic acid
(10 lM) for 15 days express a-SMA. However, only 65% of the cells express
mature markers such as SM-MHC. We [8, 58] and others [41] have also reported
efficient (above 90% of the cells expressed a-SMA) differentiation protocols
comprising the isolation of vascular progenitor cells (CD34+ [8, 58]) or KDR+/
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TRA1- [41] followed by their differentiation in specific medium. We found that
vascular progenitor cells (CD34+ cells) have higher SMC potential than CD34-

cells and PDGFBB and RA were the most effective agents to drive the differenti-
ation of hESCs into SMLCs [58]. We have further demonstrated that the SMLCs
contract and relax in response to SMC agonists or inhibitors, respectively, and the
effect is mediated by Rho A/Rho kinase- and Ca2+/CaM/MLCK-dependent
pathways.

Inductive signals. Two types of differentiation protocols have been adopted so
far for the differentiation of hESCs into SMCs: (i) single-step protocols charac-
terized by the direct differentiation of undifferentiated hESCs into SMCs; and
(ii) two-step protocols characterized by the isolation of vascular progenitor cells
and then the differentiation of the progenitor cells into SMCs. Relative to the first
type of protocols, it has been shown that retinoic acid [55], PDGF-BB [12, 57] and
TGF-b1 [12, 57] signaling pathways are very important for the direct differenti-
ation of hESCs into SMCs. Relative to the second type of protocols, the inductive
signals to enhance the generation of vascular progenitor cells are described in Sect.
7.3.1, while the signals to induce the differentiation of vascular progenitor cells
into SMCs include PDGF-BB [8, 41] and retinoic acid [58]. We have shown that
vascular progenitor cells (CD34+ cells) differentiate into vascular smooth muscle-
like cells in culture medium supplemented with PDGF-BB [8, 58]. The cells
exhibited spindle-shape morphology, expressed several SMC markers (such as
a-SMA, SM-MHC, calponin, caldesmon and SMa-22), had the ability to contract
and relax in vitro in response to carbachol and atropine, and when transplanted
subcutaneously in an animal model contributed to the formation of microvessels.
We have also demonstrated that TGF-b1 had low inductive effect in the differ-
entiation of vascular progenitor cells into SMCs [58]. In line with these studies,
others have demonstrated that hESC-derived vascular progenitor cells (presenting
a Tra-VEGF-R2+PDGF-R+ phenotype) required PDGF-BB to differentiate into
vascular smooth muscle-like cells [41]. These cells could enhance blood flow after
transplantation into a mouse hindlimb ischemia model.

Maturation and functionality of SMCs. The development of mature contractile
SMCs from stem cells occurs in multiple steps comprising (i) the commitment to
the SMC lineage, (ii) the differentiation into early immature, and (iii) the matu-
ration into the mature contractile phenotype [59]. We and others have reported that
vascular progenitor cells (CD34+ cells [8], KDR+/TRA1-61- cells [41]) could
give rise to SMLCs when cultured in medium supplemented with PDGFBB;
however, the differentiation of SMLCs was not complete since the assembly of
a-SMA or SM-MHC proteins into filaments was not observed [8], and the presence
of some SMC markers was not detected [41]. Recently, we have shown that the
co-culture of SMLCs with fully differentiated hVSMCs induces the assembly of
a-SMA and calponin proteins into individualized filaments [58]. This indicates that
the cells are able to maturate into a fully contractile phenotype. We have further
shown that the maturation of SMLCs can be induced by endothelin-1, an agonist
of RhoA pathway (Fig. 7.2).
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Therapeutic potential of SMCs. Very few studies have evaluated the therapeutic
potential and functionality of SMCs transplanted in vivo. It has been shown that
SMLCs can contribute for the formation of functional blood microvessels in vivo
[8, 41] and improve blood flow after transplantation in an ischemic hind limb mouse
model [41]. In this case, further studies are needed to understand whether the
regenerative potential of SMCs is mediated by their ability to contribute structurally
for the formation of blood vessels or their ability to secrete paracrine factors. It is also
unclear the regenerative potential of mature hESC-derived SMCs [58].

7.4 Vascular Differentiation of hiPSCs

7.4.1 EC Differentiation

Differentiation methodologies: yields and kinetics. Several methodologies have
been reported to induce the vascular differentiation of hiPSCs, including co-
culture with OP9 cells [53], and EBs. In general, the vascular differentiation
protocols of hESCs have been successfully implemented in hiPSCs. However,
studies indicate that the vascular potential of hiPSCs is, in some aspects, different
from hESCs. For example, TRA1-60-/KDR+/VE-cadherin+ give rise to ECs while

Fig. 7.2 Expression and organization of SMC proteins in hESC-derived smooth muscle
progenitor cells before and after treatment with endothelin-1 for 3 days. Bar corresponds to
50 lm. Figure adapted from Ref. [58] with permission from PLoS One
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TRA1-60-/KDR+/VE-cadherin- give rise to SMCs [53]. Importantly, the differ-
entiation efficiency was comparable to hESCs [53]. However, according to some
studies, hiPSC-derived ECs had limited expansion capacity in vitro, and exhibited
a gradual loss of CD31 marker expression over a period of 2 weeks [43, 60]. This
contrasts with the capacity of hESC-derived endothelial cells to proliferate
robustly in vitro with minimal loss of CD31 marker (85% for hESC-derived ECs
vs 28% for hiPSC-derived ECs, at day 21) [60]. The variation in gene expression
between hiPSCs and hESCs might account for the differences observed.
Comparison between single hESCs and single hiPSCs revealed more heteroge-
neity in gene expression levels in the hiPSCs [60]. In addition, the variation in
gene expression between hiPSC-derived ECs and hESC-derived ECs might
contribute significantly for the biological differences among cells [43]. Several
studies have revealed that somatic memory does exist [61–63]. That may explain
the slower growth and fast loss of endothelial phenotype, depending on the donor
somatic cells.

Therapeutic potential of hiPSC-derived ECs. Few studies have documented
the differentiation of hiPSCs into ECs [43, 44, 53, 54] and thus it is unclear the
therapeutic potential of hiPSC-derived ECs for the treatment of ischemic diseases
and how different is that potential from the one observed for hESC-derived ECs.
So far, studies have shown that hiPSC-derived ECs have similar functional activity
as normal ECs, including the ability to produce endothelial nitric oxide synthase
[53] and the ability to form capillary-like structures when seeded in Matrigel
[53, 64]. Furthermore, the transplantation of hiPSC-derived cells in ischemic hind
limb mice improved blood perfusion and limb salvage [44]. Further research is
needed to investigate the therapeutic potential of these cells in other disease
settings.

7.4.2 SMC Differentiation

Differentiation methodologies: yields and kinetics. The generation of hiPS cells from
human aortic vascular smooth muscle cells (hAVSMCs) and their differentiation
into SMCs was recently reported [65]. hiPSCs from hAVSMCs were obtained using
lentiviral transduction of defined transcription factors and differentiated back
into SMCs. hiPS cell-derived SMCs were very similar to parental hAVSMCs in gene
expression patterns, epigenetic modifications of pluripotency related genes, and in
vitro functional properties.

Therapeutic potential of hiPSC-derived SMCs. Currently there are no studies
documenting the in vivo functionality of hiPSC-derived SMCs. So far, the in vitro
results have shown that hiPSC-derived SMCs were very similar to somatic SMCs
in gene expression and in vitro functional properties [53, 65]. The hiPSC-derived
SMCs exhibited increased intracellular calcium influx in response to vasocon-
strictive carbachol and KCl-induced membrane depolarization, and contract after
treatment with carbachol or angiotensin II [65].
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7.5 Tissue engineering Applications of Vascular Cells Derived
From hPSCs

hPSC are promising for the revascularization of ischemic tissues such as ischemic
leg, chronic wounds, and infarcted heart [6, 7, 10]. Yet, there is a demand for
scaffolds to allow efficient cellular transplantation in vivo, retaining them at the
site they are needed, while improving their engraftment. The scaffold can be
engineered to support migration, proliferation, and differentiation of vascular
progenitor cells or differentiated cells and to help in the organization of these cells
at three-dimensional level [66–68]. Examples of scaffolds that can support EC
migration and their 3D organization include MMP-sensitive hydrogels incorpo-
rating RGD epitopes to promote cell adhesion [6, 69], fibrin gels [70], collagen
gels [37], PLGA matrices [9], poly(hydroxyethyl methacrylate) gels [37], among
others.

Pro-survival factors can be used to increase the survival of vascular cells after
transplantation. Recently, we used a pro-angiogenic and pro-survival factor
(thymosin b4) along with hESC-derived vascular cells encapsulated in a MMP-
sensitive gel for the treatment of myocardial infarction [6]. The gel, acting as
scaffold, substituted the degrading extracellular matrix in the infarcted myocar-
dium of rats and promoted structural organization of native ECs, while some of the
delivered hESC-derived vascular cells formed de novo capillaries in the infarct
zone (Fig. 7.3).

Fig. 7.3 Preservation and alignment of cardiomyocytes in infarcted myocardium treated with
hESC-derived vascular cells encapsulated in a metalloprotease-sensitive gel with a pro-survival
peptide. a–d Representative trichrome stains of transverse heart sections. Collagen in the infarct
areas is shown in blue, whereas myocytes are in red. Animals were treated with a PBS, b gel,
c gel + thymosin b4 (Tb4), and d gel + Tb4 + cells. The cardiomyocytes appeared to be better
preserved and aligned in bundles in hearts treated with the combined Tb4 and cell delivery, as
compared to the rats treated with PBS, gel alone or Tb4 delivery alone. Low (a–d) and high (e–h)
magnification. Bar corresponds to 2.5 mm (a–d) and 100 lm (e–h). Figure adapted from Ref. [6]
with permission from Elsevier
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Another approach to induce the three-dimensional organization of the vascular
cells is by the use of prefabricate scaffolds that include channels that later may be
coated with vascular cells. Nanofabrication techniques can be used to engineer
network structures that might mimic the capillary network [71, 72]. Also, inkjet
printing can be used to pattern cells into tubular structures [73] and be used in the
future for the assembly of complex vascularized tissues obtained from hPSC.

7.6 Future Directions

Both hESCs and hiPSCs are promising sources of vascular cells for the treatment
of ischemic diseases [74] and for drug discovery and toxicology assays. Similar-
ities exist between hESCs and hiPSCs regarding their potential to differentiate into
vascular cells, but whether the regulatory pathways that govern their differentia-
tion are similar remains to be determined. Studies in both hESCs and hiPSCs
suggest that factors implicated in EC differentiation are expressed in both cell
systems but in slightly different temporal pattern [44]. Although vascular tissue
engineering is promising for therapeutic applications, additional studies are needed
to gain further insights about the long-term functionality of engrafted hPSC-
derived vascular cells. Furthermore, there is a need to develop cell differentiation
and maturation protocols in the absence of animal products in order to enhance the
knowledge about cellular differentiation circuitry and potentially for the clinical
application of these cell-based therapies. As compared to other stem cells, human
pluripotent stem cells can generate higher number of vascular cells unaffected by
disease or aging processes. Currently, there are several clinical trials using stem
cells for the treatment of ischemic diseases. Most of them use mesenchymal stem
cells, progenitor cells, and adult autologous hematopoietic stem cells [75]. Human
pluripotent stem cells, specifically human embryonic stem cells, have been
recently used in clinical trials to treat spinal cord injury, Stargardt0s Macular
Dystrophy, and Dry Age-Related Macular Degeneration. The demonstration of the
safety and efficacy of hESC-derived cells in these clinical trials might open new
horizons for their clinical application in other disease settings (Table 7.1).
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Chapter 8
Mechanism of MicroRNA-Mediated
Global DNA Demethylation in Human
iPS Cells

Shi-Lung Lin

Abstract Global DNA demethylation is the most essential epigenetic mechanism
for reprogramming somatic cells to induced pluripotent stem cells (iPS cells or
iPSCs). However, none of Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc) or
Thomson factors (Oct4, Sox2, Nanog and Lin28) can define such an important
mechanism. Our studies for the first time reveal that a unique family of microRNA
(miRNA), namely miR-302, is responsible for inducing not only global DNA
demethylation but also chromatin modification in human iPSCs and embryonic
stem cells (ESCs). miR-302 functions to concurrently silence multiple key epi-
genetic regulators, such as AOF1 (LSD2, KDM1B), AOF2 (LSD1, KDM1),
MECP1/2, DNMT1, and HDAC2, to reset genomic DNA methylation patterns and
hence reactivate the full spectrum of ESC-specific transcriptome expression.
Moreover, silencing AOF2 further destabilizes DNMT1 activity and prevents
replication-dependent DNA remethylation during iPSC division. Inhibition of both
AOF1 and AOF2 also increases methylation of histone 3 on lysine 4 (H3K4me2/3),
a chromatin mark for ESCs and reprogrammed iPSCs. These epigenetic events
highly resemble zygotic reprogramming during early embryonic development.
In this review, through deciphering the function of miR302, we explain how
nuclear reprogramming is initiated in iPSCs, of which the knowledge is useful for
improving the efficiency of current iPSC generation technologies.
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8.1 Introduction

Global demethylation of genomic DNAs occurs only in two natural embryonic
development events; one is during migration of primordial germ cells (PGCs) into
the embryonic gonads (approximately embryonic day E10.5–E13.5) and the other
is in the 2-8-cell-stage zygotic cells after fertilization [1–4]. Parental imprints are
erased and reestablished in germline PGCs but largely preserved in postfertilized
zygotic cells [5, 6], indicating that the germline and zygotic demethylation
mechanisms are not completely identical. However, many aspects of these natural
demethylation mechanisms remain unclear and controversial. The recent discovery
of somatic cell reprogramming (SCR) to form induced pluripotent stem cells
(iPSCs) introduces a new kind of man-made global demethylation mechanism
comparable to the natural ones [7]. Such SCR-mediated demethylation triggers
massive erasure of genomic methylation sites but preserves parental imprints
similar to zygotic demethylation [8], nevertheless, occurring in somatic cells rather
than postfertilized zygotes (Fig. 8.1). Hence, SCR demethylation seems more like
a forced zygotic demethylation mechanism in somatic cells. As a result, some
zygotic components required for the completion of epigenetic reprogramming
during early embryonic development may be missing in SCR. This observation is
further supported by recent evidence that reprogramming by somatic cell nuclear
transfer (SCNT) results in more similar epigenome and transcriptome patterns to
those of embryonic stem cells (ESCs) than does the direct reprogramming by four
Yamanaka factors [9].

To provide effective SCR for efficient iPSC generation, we need to understand
the zygotic components responsible for global demethylation. Global demethyla-
tion marks the first sign of both zygotic reprogramming and SCR and is necessary
for the epigenetic reprogramming of cell nuclei [10]. Erasure of prior methylation
sites and resetting them to an ESC-specific methylation pattern is important to
activate reprogramming-associated genes required for pluripotent stem cell for-
mation. In the 2-8-cell-stage mammalian zygotes, DNA (cytosine-5-)-methyl-
transferase 1 (DNMT1) inherited from oocytes is excluded from the nucleus by an
unknown mechanism, whereas zygotic expression is very limited [11–13]. DNMT1
functions to maintain inherited CpG methylation patterns by methylating the newly
replicated DNA during the S-phase cell cycle; thus, loss of DNMT1 activity leads to
passive global DNA demethylation following the zygotic cleavage divisions before
the morula stage [3, 4, 14, 15]. Nevertheless, demethylation triggered by this
passive mechanism will generate two hemimethylated zygotic cells, which has
never be seen in an embryo. In addition, the demethylation of paternal DNA has
been found to start before the first zygotic cleavage division [3, 4, 16], suggesting
another active demethylation mechanism responsible for enzymatically removing
the paternal and hemimethylation sites. Several theories have been proposed for this
active mechanism, involving 5-methylcytosine (5mC)/5-hydroxymethylcytosine
(5hmC) deamination and mismatch/excision repair pathways; however, the details
of these pathways remain elusive and controversial [17–19]. One other component
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important for zygotic demethylation is the simultaneous downregulation of methyl-
CpG binding protein 1 and 2 (MECP1/MECP2) and methyl-CpG binding domain 2
(MBD2), whose functions are all highly involved in the maintenance of genomic
methylation loci [20–22]. Taken together, and despite the unknown mechanisms,
all the above evidences indicate that zygotic demethylation occurs in a condition
lacking DNMT1, MECP1/2, and MBD2 activities. Then, what zygotic factor(s) can
inhibit these epigenetic targets? To this, we found miR-302, which has been shown
to concurrently and specifically silence these targeted epigenetic genes in human
iPSCs [23–25]. By this means, miR-302 is able to create an intracellular environ-
ment suitable for SCR initiation.

MicroRNA (miRNA) is a class of small non-coding RNAs (ncRNAs) that
function to suppress the translation of their target genes through complementary
binding and formation of RNA-induced silencing complexes (RISCs) in the
30-untranslated regions (30-UTRs) of the targeted gene transcripts. Because this
kind of miRNA-target interaction does not require perfect complementarity,
miRNA can simultaneously silence multiple genes through a partially matched
targeting mechanism to coordinate the functions and downstream interactions of
these targeted genes. miR-302 is the most abundant miRNA in hESCs and iPSCs
but not found in differentiated somatic cells [26, 27]. Recently, mouse iPSCs were
also found to express an elevated level of miR-302 rather than miR-291/294/295,
the regular marker for mouse ESCs [28]. According to this feature, miR-302 serves
as a major gene silencer in hESCs and early zygotes. Based on the analytic results
of online miRNA-target prediction programs TARGETSCAN (http://www.
targetscan.org/) and PICTAR-VERT (http://pictar.mdc-berlin.de/), the majority

Fig. 8.1 Comparison of natural germline-zygote and manually forced SCR demethylation
pathways. Global demethylation occurs naturally in two developmental stages, one during
formation and migration of PGCs into the embryonic gonads (germline demethylation) and the
other in 2-8-cell-stage zygotes before the morula stage (zygotic demethylation). Parental
imprints are erased and reestablished during germline demethylation but not in zygotic
demethylation, resulting in different genomic imprinting patterns from the parents. On the other
hand, SCR demethylation can be forced in somatic cells by manually introducing the expression
of either miR-302 or four defined reprogramming factors (Oct4-Sox2-Klf4-cMyc or Oct4-Sox2-
Nanog-Lin28). Notably, Oct4 and Sox2 can also induce miR-302 expression. Due to the effects of
miR-302-targeted epigenetic gene silencing, the somatic cell genome is forcedly demethylated
without the erasure of parental imprints. As a result, expression of parental germline elements is
still inactivated by the imprints. Given that parental elements are essential for normal zygotic
development, their deficiency may cause developmental defects in SCR-induced iPSCs
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of miR-302-targeted genes are transcripts of differentiation-associated genes and
developmental signals, such as members of the RAS-MAPK, TGFß-SMAD and
LEFTY pathways, indicating its important role in preventing stem cell differen-
tiation. The genomic sequence encoding miR-302 is located in the 4q25 locus of
human chromosome 4, a conserved region frequently associated with longevity
[29]. More precisely, miR-302 is encoded in the intronic region of the La ribo-
nucleoprotein domain family member 7 (LARP7, PIP7S) gene and expressed via an
intronic miRNA biogenesis mechanism [23, 30–32]. Native miR-302 consists of
four familial sense homologues (miR-302b, c, a and d) and three distinct antisense
members (miR-302b*, c* and a*), all of which are transcribed together as a
polycistronic RNA cluster along with another miRNA, miR-367 [26]. Although
the overall function of these miR-302 members is largely unknown, their unique
expression pattern and abundance in hESCs and iPSCs infers a pivotal role in
regulating stem cell pluripotency.

Species-differential and concentration-dependent targeting are two major fac-
tors determining the function of a miRNA. miRNA function may vary in different
animal species or at different cellular concentrations. For example, studies in mice
have indicated that miR-302 may silence cyclin-dependent kinase inhibitor 1A
(CDKN1A, p21Cip1) to accelerate cell proliferation, whereas human CDKN1A
gene does not contain any valid target site for miR-302 [24]. Also, BMI1 polycomb
ring finger oncogene (BMI-1), a cancer stem cell marker gene, is a validated target
for miR-302 in humans but not in mice [24]. This kind of species differences
suggests that mouse is not an appropriate model for evaluating miR-302 function
in humans. In fact, mouse embryos express the miR-290 family rather than miR-
302. On the other hand, because of the miRNA-target binding through partial
complementarity, a higher miRNA concentration often renders a stronger silencing
effect on target genes. Using this dose-dependent gene silencing effect, miRNA
can either fine-tune or completely alter the expression rates and functions of its
targeted genes [25, 33]. Here, we exemplify the interaction between miR-302 and
cyclin-dependent kinase 2 (CDK2) to show this concentration-dependent effect.
When the cellular miR-302 expression is the same or lower than the level found in
hESCs, miR-302 silences only large tumor suppressor homolog 2 (LATS2) but not
CDK2 to promote cell proliferation, whereas at a higher concentration over
1.1–1.3 folds of the hESC level, both CDK2 and LATS2 are silenced and hence
cell cycle is attenuated at the G1-phase check point [23, 24, 31]. Given that LATS2
inhibits the cell cycle by blocking the cyclin E-CDK2 pathway [34], the miR-302-
mediated silencing of CDK2 can actually compensate this LATS2 function to
inhibit cell cycle progression. Moreover, silencing CDK2 may also counteract the
suppressive effect of miR-367 on CDKN1C (p57, Kip2), an inhibitor against both
CDK2 and CDK4, subsequently resulting in a reduced cell cycle rate. In view of
these species-differential and concentration-dependent target variations identified
so far, there may be many more to be found. To prevent any confusion due to these
variations, this review will focus on the miR-302 function in humans and at a
concentration comparable to or beyond the normal hESC level.
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8.2 Intronic Expression of miR-302

To reiterate the natural expression mechanism of miR-302, we have developed a
pSpRNAi-RGFP vector mimicking the process of miRNA biogenesis from mam-
malian introns [30, 35, 36]. As shown in Fig. 8.2, primary miRNA precursors
(pri-miRNAs) are first transcribed by type-II RNA polymerases (Pol-II) and
excised by spliceosomal components and/or Drosha-like endoribonuclease to form
miRNA precursors (pre-miRNAs), which are then exported out of the nucleus by
Ran-GTP and Exportin-5 and further processed by Dicer-like RNaseIII endori-
bonucleases in cytoplasm to form mature miRNAs [30, 37–40]. However, the role
of Drosha may not be required in this mechanism because depletion of [85%
Drosha by siRNA reduces only almost a half of the miR-302 expression, indicating
that some other endoribonucleases may replace Drosha for processing intronic pre-
miRNAs [38]. Also, because mammalian intron often contains nonsense (i.e.,
translational stop) codons recognized by the nonsense-mediated decay (NMD)
system, a cellular RNA surveillance mechanism [41, 42], the non-hairpin struc-
tures of an intron can be quickly degraded by NMD to prevent excessive RNA
accumulation. RNA oversaturation has been reported to be a major problem for the
direct (exonic) expression of short hairpin RNAs (shRNAs) and miRNAs in
mammalian cells [43]. Under tight regulation by the cellular Pol-II transcription,
RNA splicing and NMD systems, intronic miRNA biogenesis has an evolutional
advantage in safety control. Using this mechanism, we have successfully identified
the gene silencing effects of various intronic shRNAs/miRNAs in mouse and
human cells in vitro as well as in mouse skins, chicken embryos, and zebrafish in
vivo [30, 35, 37, 44–46]. Similar approaches have also been shown to express
polycistronic shRNAs/miRNAs for multiple gene silencing [47, 48]. Based on
these previous studies and efforts, we have established a means to express the
intronic miR-302 familial cluster using its own natural biogenesis mechanism.

Prior attempts at investigating the ‘‘miR-302’’ function all failed to show the
evidence of complete expression of all miR-302 familial members. Our approach
using intronic miR-302 expression has overcome this drawback and successfully
demonstrated a full spectrum of miR-302a, b, c, and d expression in human iPSCs
similar to that in hESCs, as determined by both microarray and northern blot
analyses [23, 25]. However, there are still several minor differences compared to
the natural expression pattern of miR-302. First, we purposely redesigned the
miR302 cluster in order to effectively insert it into the SpRNAi intron. Second,
while the expressions of other miR-302 members were abundantly detected in
human iPSCs after transfection, the antisense-strand miR-302b (miR-302b*) was
not observed (Fig. 8.3). Last, the miR-302 expression was driven by a constitutive
cytomegaloviral (CMV) or a tetracycline-inducible (Tet-On) promoter rather than
its native promoter. Notably, the utilization of Tet-On-inducible expression offers a
great advantage in studying the dose-dependent miR-302 effects on gene targeting.
In view of these differences, the miR-302 function discussed here and in our
previous studies represents the interactive activities of miR-302a, a*, b, c, c*, and d
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but not miR-302b*. As the miRNA-targeting program PICTAR-VERT has pre-
dicted that Dicer1 is a target of miR-302b*, miR-302b* may silence Dicer1 to
reduce the overall expression levels of the miR-302 family and many other
ESC-specific miRNAs and hence hinders the reprogramming efficiency of iPSC
generation. Due to lack of miR-302b* expression, our approach is able to bypass
this self-regulation mechanism of miR-302 and successfully delivers a sufficient
sense miR-302 concentration for reprogramming somatic cells to iPSCs.

8.3 Induction of Human iPSC Formation

SCR is an epigenetic process to reprogram differentiated somatic cells into an
ESC-like pluripotent state. These reprogrammed pluripotent cells are named iPS
cells or iPSCs. Global DNA demethylation is the first sign of SCR, yet our
understanding to it is limited by the introduction of either Yamanaka (Oct4, Sox2,

Fig. 8.2 Mechanism of natural miR-302 biogenesis. The intronic miR-302 familial cluster is
transcribed together with a host gene by Pol-II and spliced out of the gene transcript by
spliceosomal components and/or Drosha to form precursor miR-302 (pre-miR-302), which is then
exported out of the nucleus by Ran-GTP and Exportin-5 and further processed by Dicer-like
RNaseIII endoribonuclease in cytoplasm to form mature miR-302. For gene silencing, mature
miR-302 is assembled into a RNA-induced silencing complex (RISC) with argonaute proteins
and Dicer endoribonucleases and then functions to suppress the translation or cause direct
degradation of targeted messenger RNAs (mRNAs)
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Klf4 and c-Myc) or Thomson (Oct4, Sox2, Nanog and Lin28) factors [7, 49, 50].
Nevertheless, none of these reprogramming factors defined so far can explain how
and why global demethylation occurs in iPSCs. Not until the identification of

Fig. 8.3 Microarray confirmation of ectopically introduced miR-302 expression in iPSCs.
miR-302 functions to reprogram both human normal and cancerous skin/hair follicle cells
(i.e., keratinocytes and melanocytes) to ESC-like iPSCs, namely mirPSCs. Results of miRNA
microarray analyses reveal that these mirPSCs express abundant miR-302a, a*, b, c, c*, and d, but
not miR-302b*. Upper panels demonstrate the results of miR-302 expression in mirPSCs derived
from human melanoma Colo-829 cells. The call list of differentially expressed miRNAs
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another key reprogramming factor, miR-302, have we finally seen the first insight
into this unsolved mechanism. Using ectopic transfection, we have shown that the
forced expression of miR-302 in human somatic cells can induce strong Oct4,
Sox2, Nanog, and Lin28 co-expression and hence results in a reprogramming
mechanism similar to the iPSC generation using Thomson factors [23, 25].
By deciphering the miR-302-targeted genes and their interactions, we found that
miR-302 is able to functionally replace all previously defined reprogramming
factors to reprogram both human normal and cancerous cells to iPSCs [23–25].
We referred these miR-302-induced iPSCs as mirPSCs.

mirPSCs proliferate at a rate approximately 20–24 h/cycle [23, 24], which is
identical to that of zygotic cells before the morula stage but slower than the fast
proliferation rate of blastocyst-derived hESCs and Yamanaka-factor-induced
iPSCs (12–16 h/cycle) [7, 50]. Naturally, early mammalian zygotes before the
morula (8–16-cell) stage present a slower cell cycle rate (20–24 h/cycle) than that
of late blastocyst-derived hESCs (15–16 h/cycle) [51, 52]. Although both mam-
malian zygotes and hESCs are known to display a short G1 phase, the G1 phase of
a 2-8-cell-stage zygote is still significantly longer than that of hESCs by 4 ± 1 h.
Moreover, the mirPSC colonies are morphologically grown like three-dimensional
cell aggregations and highly sensitive to the stimulation of leukemia inhibitory
factor (LIF; Fig. 8.4); both of the features are frequently observed in mouse ESCs,
which are known to be isolated at an earlier embryonic stage (E3–E3.5) than that
of hESCs (E5–E6) [53, 54]. Based on these natural differences during embryonic
development, it suggests that mirPSCs may represent an earlier developmental
stage than do blastocyst-derived hESCs. However, iPSC generation has been
proposed to involve either a cell cycle-dependent (with Klf4) or cell cycle-inde-
pendent (with Nanog) reprogramming process [55], in which the former seemingly
cannot explain the slower proliferation rate of mirPSCs. In fact, this hypothesis
overlooked that Klf4, an upstream transcription factor of Nanog, induces not only
Nanog but also many other oncogenes, which promote fast cell proliferation as a
result unrelated to the reprogramming function of Nanog [56–59]. Therefore, fast
cell cycle, although can increase iPSC number, is not essential for the SCR
mechanism to generate iPSCs.

What factor is required for iPSC formation? Recent studies have revealed that
there is a positive feedback regulation loop between miR-302 and Oct4-Sox2-
Nanog-Lin28 expression (Fig. 8.5) [23, 25, 60]. Meanwhile, we found the
miR-302-induced Oct4-Sox2-Nanog-Lin28 expression [23, 31]; Oct4 and Sox2,
the two most essential reprogramming factors in both Yamanaka’s and Thomson’s
methods, were also identified to be the upstream transcription factors for stimu-
lating miR-302 expression [60, 61]. Yet, how does this positive feedback loop
mechanism function to initiate global demethylation? Later, we further found that
miR-302 targets several important epigenetic regulators, such as lysine-specific
histone demethylases 1 and 2 (namely AOF1/2, KDM1B/1, or LSD2/1), MECP1/2
and DNMT1, to trigger global demethylation [25]. In particular, both AOF1 and
AOF2 function to repress gene transcription by demethylating histone 3 on lysine
4 (H3K4) [62–64]. Inhibition of AOF2 by its antagonist tranylcypromine has been
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shown to increase H3K4 methylation (H3K4me2/3), a chromosomal mark for
ESCs, and to promote Oct4 overexpression in embryonal carcinoma cells [62, 63].
In transgenic knockout mice, loss of either AOF1 or AOF2 substantially elevates
H3K4me2/3 [64, 65]. AOF1-knockout mice fail to set up de novo DNA methyl-
ation imprints during oogenesis [64], while AOF2 deficiency causes embryonic
lethality due to a progressive loss of genomic DNA methylation and lack of global
cell differentiation [65]. Therefore, silencing of AOF1/2 is sufficient to induce
global demethylation. To this, our recent finding of miR-302-mediated AOF1/2
silencing has confirmed this mechanistic pathway in human iPSCs [25]. In addition,
since AOF2 is required for stabilizing DNMT1 and preserving its activity [65], the
silencing of AOF2 by miR-302 also inhibits DNMT1-mediated maintenance of
global DNA methylation [25]. This result is further supported by the data of online
miRNA-target prediction program provided by the European Bioinformatics Insti-
tute EMBL-EBI (http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/
detail_view.pl?transcript_id=ENST00000359526), showing that miR-302a-d can
directly target DNMT1 for gene silencing. As a result, through the positive feedback
loop mechanism shown in Fig. 8.5, both miR-302 and Oct4-Sox2-Nanog-Lin28
can induce global demethylation, but at different efficiency rates. Given that
global demethylation is directly initiated by miR-302-mediated epigenetic
gene silencing, the formation of mirPSCs usually takes much shorter time than

Fig. 8.4 Properties of human mirPSCs similar to mouse ESCs isolated from an earlier
embryonic stage. Human mirPSCs form three-dimensional cell colonies (red fluorescent) and are
sensitive to the growth stimulation of LIF. Upper panels show that LIF stimulation significantly
increases both of the reprogramming efficiency and survival rates of mirPSCs in a dose-
dependent matter, while lower charts indicate the relative levels of changes corresponding to the
LIF concentration

8 Mechanism of MicroRNA-Mediated Global DNA Demethylation 125

http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/detail_view.pl?transcript_id=ENST00000359526
http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/detail_view.pl?transcript_id=ENST00000359526


does the four-factor-induced iPSC generation (approximately 1–2 weeks versus
2–3 weeks).

Induced global demethylation has been found to promote Oct4–Nanog overex-
pression in early mouse embryos and mouse-human fused heterokaryons [66, 67].
Our recent studies further demonstrated that elevated miR-302 expression over
1.1–1.3 folds of the normal hESC level (approximately 0.9–1.0 million copies per
hESC) triggers both global demethylation and co-expression of Oct4, Sox2, and
Nanog in human iPSCs [24, 25]. The expression of Lin28 and many other hESC
marker genes was observed 1–3 days later than the presence of Oct4-Sox2-Nanog
elevation. A similar miR-302 transfection approach was also shown to increase
Oct4–Nanog expression by two folds in hESCs [68]. Further research in hESCs
revealed that miR-302 can directly silence nuclear receptor subfamily 2, group F,
number 2 (NR2F2), a transcriptional repressor against Oct4 expression, to activate
Oct4 expression [69]. These findings suggest that global demethylation activates
ESC-specific gene expression in particular, Oct4 and Nanog. Although we currently
do not know the details of this event in iPSCs, the iPSCs generated by various
methods from various somatic cell types all share a similar epigenetic and tran-
scriptomic profile like the one found in ESCs, indicating the importance of global
demethylation in erasing and resetting different somatic epigenomes and tran-
scriptomes into an ESC-like state. In this state, we have performed microarray
analyses to show over 91–93% similarity in the genome-wide gene expression pat-
terns between mirPSCs/iPSCs and hESC H1/H9 cells [23, 25]. Global demethylation
has also been evaluated in mirPSCs/iPSCs, highly resembling the hESC-specific
pattern particularly in the promoter regions of hESC genes, Oct4, Nanog, Sox2, and
UTF1. Taken together, all current studies have established a fact that miR-302 is able
to directly induce global demethylation and Oct4-Nanog activation essential for the
initiation of SCR to form iPSCs.

Fig. 8.5 Currently established SCR mechanism for iPSC generation. miR-302 silences AOF1/2
and DNMT1 activities and, in conjunction with the co-suppression of MECP1/2 and HDAC2,
results in global DNA demethylation and chromosomal H3K4me2/3 modification. Subsequently,
these epigenetic reprogramming events induce ESC-specific gene expression, in particular Oct4,
Sox2, and Nanog, which in turn further stimulate miR-302 expression to form a positive feedback
loop cycle crucial for the maintenance of SCR. Based on this mechanistic model, there are two
methods for inducing iPSC formation: one is to force the miR-302 expression and the other is to
introduce the co-expression of four defined factors (either Oct4-Sox2-Klf4-cMyc or Oct4/Sox2-
Nanog-Lin28). Both methods can trigger the activation of this cycling SCR mechanism; however,
miR-302 directly induces global demethylation to initiate SCR while the four factors indirectly
function through miR-302 expression
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8.4 Demethylation is Induced by iPSC Cytoplasm
Rather Than the Nucleus

As DNA demethylation occurs in the cell nucleus while miR-302 functions in the
cytoplasm, SCNT is the best method to test this epigenetic reprogramming
mechanism. SCNT is a well-established technology to generate ESC-like plurip-
otent stem cells by hybridizing a somatic cell nucleus into the oocyte cytoplasm
[70, 71]. When following the same strategy to transfer a somatic cell nucleus into
the mirPSC cytoplasm, we observed that most (93%) of the hybrid cells were
successfully reprogrammed to mirPSC-like pluripotent cells possessing all ESC-
like properties [25]. Global demethylation was quickly detected in a few days after
SCNT. Conversely, transferring a mirPSC nucleus into the somatic cell cytoplasm
failed to form any viable cell. Hence, the earliest reprogramming effector, the
‘‘initiator’’, resides in the cytoplasm rather than nucleus of a mirPSC. This finding
is coincident with the previous SCNT results using the oocyte cytoplasm, which
contains several miR-302 homologs that may have the same reprogramming
function, such as miR-200c and miR-371–373. Given that miR-302 is a cyto-
plasmic effector whereas Oct4, Sox2, and Nanog are all nuclear transcription
factors, it is clear that miR-302 is responsible for initiating SCR through global
demethylation in the SCNT-induced iPSCs. On the other hand, the transfer of
mirPSC nucleus fails to induce pluripotency, suggesting that somatic cytoplasm
may lack an effector required for iPSC generation. Alternatively, somatic cyto-
plasm may contain an inhibitor directed against iPSC formation; however, this
possibility has been ruled out by further induction of miR-302 elevation in the
hybrid cells containing the mirPSC nucleus, showing that the efficiency of iPSC
generation is increased proportional to miR-302 elevation [25].

8.5 Mechanism of Global Demethylation

A passive demethylation mechanism was first found in mirPSCs soon after the
silencing of AOF1/2 and MECP1/2 by miR-302. When tracing the mirPSC
formation induced by elevated miR-302 expression in transfected somatic cells,
we found that the decreases of AOF1/2, MECP1/2, DNMT1, and HDAC2 were
most prominent 3 days after the miR-302 elevation, while the expression of Oct4,
Sox2, and Nanog was increased to a maximal level at the 5th day. During this
period, almost no cell division was detected in the first three days and then only
one or two at most were found in the 4th and 5th days. This cell division-
dependent process is highly similar to the zygotic demethylation of a maternal
genome, but now occurring in both of the parental genomes in mirPSCs.
Due to the miR-302-targeted silencing of AOF1/2, MECP1/2, and especially
DNMT1, DNA methylation cannot be replicated during the S-phase cell cycle,
subsequently leading to global demethylation in following few cell divisions.
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However, this passive mechanism will generate two hemimethylated cells in
every mirPSC colony, an event that has not yet been identified. Whether these
hemimethylated cells are quickly degraded by programmed cell death (apoptosis)
during SCR or further demethylated by another active mechanism remains to be
determined. To this, since we have recently observed the elevation of activation-
induced cytidine deaminase (AID) expression in response to the silencing of AOF2
by miR-302 [25], it is possible that an active demethylation mechanism may be
involved in the global demethylation of mirPSC genomes as well.

Previous studies have demonstrated that AOF2 stabilizes DNMT1 and
preserves its activity on the maintenance of global DNA methylation [65], whereas
AID is involved in global demethylation and Oct4-Nanog activation in early
mouse embryos and mouse-human fused heterokaryons [66, 67]. It is conceivable
that the deficiency of DNMT1 activity may cause mirPSC genomes to become
more susceptible to the AID activity. In mammals, AID is expressed in B cells,
PGCs, oocytes, and early stage embryos and is responsible for the deamination of
5mC that generates a cytosine (C)-thymine (T) conversion and hence results in
T-guanine (G) mismatch base pairing [72, 73]. To explain the possible mechanism
underlying the correction of this T-G mismatch pairing during DNA demethyla-
tion, a mammalian version of the base excision DNA repair (BER) pathway has
been proposed to enzymatically replace the mismatched T with a C [74, 75];
however, the enzyme capable of carrying out this function has not yet been
identified in mammals. On the other hand, another theory involving the excision
repairing of 5hmC has also been postulated. In this model, Tet familial enzymes
first convert 5mC–5hmC and then 5hmC can be further converted to C by spon-
taneous loss of its formaldehyde group [76] or by BER or a currently undefined
DNA repair system. The formation of 5hmC has been identified in ESCs and
iPSCs and may enhance passive demethylation in that DNMT1 does not recognize
5hmC as a substrate for replication [19, 77]. Nevertheless, in view of recent studies
there are several inconsistencies with this theory [19, 78]. First, Tet expression is
subject to Oct4 regulation, while global demethylation occurs before Oct4 acti-
vation [19]. Second, Tet depletion results in no effect on Oct4, Sox2, and Nanog
expression in ESCs [19]. Last, Tet depletion in 2-cell-stage mouse embryos affects
trophectoderm development and related developmental signaling, a stage much
later than the zygotic demethylation event [77]. According to these unsolved
questions, the involvement of an active mechanism in global demethylation
remains elusive.

8.6 Conclusion

SCR demethylation is a forced epigenetic reprogramming mechanism comparable
to zygotic demethylation. As shown in Fig. 8.1, this forced mechanism bypasses
germline demethylation and directly induces ESC-like iPSC formation without
imprint erasure and reestablishment. As a result, there are three major defects in
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the SCR-induced iPSCs. First, preserving parental imprints is beneficial for
generating patient-friendly iPSCs or tissue clones, yet is not useful for creating
universally compatible iPSCs for urgent treatments. It often takes several weeks or
months to generate iPSCs from patients. Second, some parental germline elements
required for normal zygotic development are not presented in iPSCs, such as
paternal protamines and maternal oocyte transcripts. Loss of these parental ele-
ments may cause some developmental abnormalities in iPSCs. Last, due to lack of
normal induction from fertilization, iPSCs often require a compensatory stimu-
lation from oncogene activities (i.e., c-Myc and Klf4) to increase their survival
rate, which may also lead to high tumorigenicity. Conceivably, it is not surprising
that some researchers consider the four-factor-induced iPSCs as possible cancer
stem cells; however, this problem can be corrected if we understand the mecha-
nism how natural embryogenesis controls the ESC pluripotency without leading to
tumorigenicity. For instance, we have recently found that miR-302 not only
silences multiple epigenetic regulators to induce iPSC formation but also sup-
presses both cyclin E-CDK2 and cyclin D-CDK4/6 pathways to attenuate iPSC
proliferation, a safeguard mechanism to prevent tumor formation during repro-
gramming [24, 25]. Additionally, our studies pinpoint that miR-302-induced SCR
and cell cycle attenuation are two parallel events, acting together at almost the
same miR-302 concentration to induce iPSC formation while preventing stem cell
tumorigenicity [24]. Thus, by mimicking the functional role of miR-302, we may
overcome the tumorigenicity problem of iPSCs, one of the major roadblocks
hindering the development of stem cell therapy.

Global demethylation is the first sign of SCR required for the epigenetic
reprogramming of somatic cell nuclei to form pluripotent stem cells [10]. Through
deciphering the targeted epigenetic genes of miR-302, the most abundant miRNA
family in hESCs, we revealed for the first time the mechanism underlying global
demethylation in iPSCs, as shown in Fig. 8.5. Human somatic cells can be
reprogrammed to iPSCs when the cellular miR-302 expression is beyond 1.1–1.3
folds of the level found in blastocyst-derived hESCs, as determined by northern
blot analysis [23, 25]. This reprogramming mechanism functions through miR-
302-mediated silencing of six important epigenetic regulators, AOF2 (KDM1,
LSD1), AOF1, MECP1-p66, MECP2, DNMT1, and HDAC2, to cause global
demethylation and the subsequent activation of Oct4-Sox2-Nanog-Lin28 expres-
sion for iPSC induction. Notably, silencing AOF2 also suppresses DNMT1 activity
and further enhances global demethylation during SCR. Resupplementing AOF2
and/or DNMT1 into mirPSCs can partially disrupt global demethylation and
induces cell differentiation, suggesting that concurrent silencing of these epige-
netic targets is essential for the onset of global demethylation. Given that miR-302
is highly expressed in both hESCs and iPSCs, our findings have established a novel
link between zygotic reprogramming and SCR, providing an epigenetic regulation
mechanism responsible for global demethylation in both events.

Our recent studies have demonstrated a passive DNA demethylation pathway
responsible for preventing the replication of somatic methylation during iPSC
divisions [25]. On the other hand, the same findings also indicated that another
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active DNA demethylation pathway may be involved in the removal of the original
somatic methylation sites leftover in the hemimethylated genomes of some iPSCs.
AID was found to be a possible player in this active mechanism. The next ques-
tions are how miR-302-mediated gene silencing stimulates this active mechanism
and what factors may be involved in addition to AID? Since there are no parental
germline elements to support this active mechanism like the zygotic demethylation
in early embryos, the demethylation of both parental genomes likely occurs
simultaneously in iPSCs. Or, is it possible for the passive mechanism to carry out
such global demethylation in both parental genomes? Alternatively, since we have
frequently observed a small number of partially reprogrammed and apoptotic cells
in the colonies of the first iPSC generation, it is possible that the iPSCs containing
such a hemimethylated genome may be partially reprogrammed and eventually
degraded by apoptosis. A thorough comparison between a single somatic cell and
its iPSC methylation maps along the process of SCR may help to answer these
questions. Based on the current understanding, global demethylation often occurs
under a condition similar to early zygotic development. Due to this similarity, the
epigenetic reprogramming mechanism of iPSCs may also serve as a comparable
model for studying the zygotic demethylation occurring in early embryos.

Using the forced expression of miR-302 or four defined factors, we now can
manually induce SCR to replace the natural two step germline-zygotic repro-
gramming mechanism for producing pluripotent stem cells. Although this artificial
induction method is convenient, many parental elements are missing in the
induced iPSCs. In oocyte cytoplasm, there are several miR-302 homologs that are
abundantly expressed and may interact with each other to provide a similar or
better reprogramming effect than miR-302, yet their functions remain unknown.
As there is no transcription activity in mature oocytes and one-cell-stage zygotes,
post-transcriptional mechanisms are essential for the natural formation of pluri-
potency in ESCs [79]. Our current finding of miR-302-mediated global demeth-
ylation may just reflect such a common functionality for this group of homologous
miRNAs. Nowadays, overwhelming stem cell studies are focused on the effects of
protein–protein interactions, while the regulatory mechanism of miRNAs on ESC-
associated proteins is largely overlooked. Although some large-scale microarray
and computer screening have been recently performed to predict the reprogram-
ming-associated miRNAs, only a few of them can provide a thoroughly experi-
mental study in individual miRNA function based on the dose-dependent feature
of miRNA regulation. After our efforts in this direction, a step-wise protocol for
studying the miRNA-mediated reprogramming mechanisms has been established
in hope that more stem cell researchers may take the advantage of modern miRNA
technologies. Given that SCR-associated global demethylation is modulated by a
miRNA rather than protein, future studies using combined miRNA and iPSC
technologies for improving stem cell applications is highly expected.
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Chapter 9
Microtechnological Approaches in Stem
Cell Science

Faramarz Edalat, Jae Min Cha, Hojae Bae, Sam Manoucheri,
Sang Bok Kim and Ali Khademhosseini

Abstract Stem cells are versatile materials in biomedical research with applica-
tions in regenerative medicine, drug discovery, biosensors, and developmental and
disease models. Many of the current technologies used by biologists are restricted
to a macroscale level of control, which has impeded precise manipulation of
spatial and temporal features of the cellular microenvironment. Microtechnologies
developed in engineering are powerful tools for addressing existing challenges in
stem cell biology by permitting control of cellular behaviors at scales matching
those of biological processes. Many of these approaches demonstrate feasibility in
opening a new era in the therapeutic application of stem cells. In this chapter,
we introduce biologically relevant microtechnologies and present their applica-
tions in stem cell science.

Abbreviations
lCP Microcontact printing
AFM Atomic force microscope
BMP Bone morphogenetic protein
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CAD Computer-aided design
DM Differentiation medium
DPN Dip pen nanolithography
EB Embryoid body
EBL Electron beam lithography
ECM Extracellular matrix
ESC Embryonic stem cell
FGF Fibroblast growth factor
GelMA Gelatin methacrylate
GM Growth medium
HA Hyaluronic acid
HepG2 Human hepatocellular carcinoma cell line
HUVEC Human umbilical vein endothelial cells
MIMIC Micromolding in capillaries
MSC Mesenchymal stem cell
nCP Nanocontact printing
NIL Nanoimprint lithography
PCL Polycaprolactone
PCR Polymerase chain reaction
PDMS Poly(dimethylsiloxane)
PEG Poly(ethylene glycol)
PLGA Poly-L-lactic/glycolic acid
PLLA Poly-L-lactic acid
PMMA Poly(methyl methacrylate)
PPL Polymer pen lithography
PS Polystyrene
RT Reverse transcriptase
SiO2 Silicon dioxide
SMC Smooth muscle cell
SPL Scanning probe lithography
STM Scanning tunneling microscope
UV Ultraviolet
Wnt Wingless-type MMTV integration site family

9.1 Introduction

Human pluripotent stem cells are capable of generating *200 different cell types
existing in the body. In contrast, adult stem cells are multipotent, yet provide a
more efficient differentiation pathway over embryonic and induced pluripotent
stem cells. These capabilities have brought stem cell science to the forefront of
regenerative medicine, drug discovery, biosensors, and studying disease [1, 2].
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However, the fruition of the potential benefits of stem cells has been hampered
by the difficulty in controlling their self-renewal and differentiation [3]. One
approach to assert control over these cells is by investigating and understanding
the input provided by their environment. Indeed, stem cells are situated in unique
microenvironments, or niches, that convey dynamic biochemical and biophysical
signals [4, 5]. These signals are provided by the extracellular matrix (ECM),
cytokines and metabolites, and support cells [6]. Stem cells interact with these
niche components at the nano- and microscale dimensions, leading to highly
organized cellular processes, such as proliferation, apoptosis, migration, and
differentiation. Currently, conventional cell culture systems lack the means to
recapitulate the minuscule details of the niche and suffer from low reproduc-
ibility, low-throughput, and high cost. Microtechnologies offer an innovative
route to emulating and manipulating biological structures to properly assess and
direct stem cell fate in a reproducible, high-throughput, and cost-effective
manner. In this chapter, we introduce microscale technologies relevant for
studying biological phenomena and then discuss applications of these technol-
ogies in directing stem cell fate.

9.2 Microtechnology: A Primer for Stem Cell Biologists

Microtechnology refers to the fabrication and processing of structures on the
micron and sub-micron scale. This technology was first developed by the micro-
electronics industry to increase the density of transistors in an integrated circuit as
predicted by Moore’s Law [7]. Since then, there has been an explosion of new
microfabrication methods that have been applied to biomedical research. These
methods have come to have an increasing influence in stem cell biology given that
biological structures have nano- and micron-scale features [8, 9]. For instance,
ECM structures are on the order of nanometers in diameter, whereas eukaryotic
cells have lengths of 10–100 lm [10]. Thus, microfabrication has enabled bio-
engineers and stem cell biologists to have increasing control in their studies and
design systems in a more physiologically relevant manner. Integrating these
technologies with the realm of biology requires achieving several design criteria
including accessibility, low cost, high resolution, reproducibility, and large surface
area (*1 cm2) exposure. In the following section, a set of microfabrication
technologies known as lithography that has been applied to stem cell science, will
be introduced and compared (Table 9.1). Emerging technologies that have not yet
been utilized in biological sciences but have great potential to make an impact will
also be mentioned.
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9.2.1 Conventional Lithography

Lithography is the term used for the transfer of fine-scale patterns onto a substrate.
Conventional lithography refers to a set of techniques that use high energy irra-
diation, which encompasses photo- and scanning beam lithography, two of the
earliest microtechnologies used in microelectronics [11].

9.2.1.1 Photolithography

Photolithography is a technique that uses light to generate structures on a surface.
This method is based on the selective ultraviolet (UV) irradiation of a photo-
reactive material (a monomer, oligomer, or polymer), called a photoresist,
pre-coated on a substrate such as a silicon wafer or glass (Fig. 9.1a) [12]. This
exposure causes cross-linking, polymerization, or degradation of irradiated
material. Subsequently, if needed, dissolution of selected areas can be achieved by
developing in an organic solvent [13]. The selective UV exposure is done by
illuminating the light through a mask with features designed using a computer-
aided design (CAD) software. Mask-free methods such as multi-beam interference
[14] and two-photon absorption [15] techniques are recent techniques of exposing
specified areas of the photoresist to generate 3D structures as opposed to the 2D
patterns created using masks. The resulting patterned structure can then be used on
its own or as a bas-relief master for molding other polymers. Numerous photo-
reactive synthetic and biological polymers have been used in photolithography to
generate patterned structures, either as 2D cellular scaffolds or as cell-encapsu-
lating materials to study a range of stem cell behaviors [16–18].

Conventional photolithography is advantageous given its reproducibility,
patterning over large surface areas, and relatively high resolution. If higher
resolutions are needed, however, a shorter wavelength light (extreme UV lithog-
raphy), unconventional masks, or different photoresists must be used, all of which
are associated with higher costs. Also, given that UV light, photoinitiators, and/or
organic solvents may be present in the fabrication process, only biological entities
compatible with these processing steps should be used [12]. Another disadvantage
is the difficulty of access to microfabrication facilities. However, shared foundries
have enabled increasing access to scientists without such facilities.

9.2.1.2 Scanning Beam Lithography

One of the restrictions of conventional photolithography is the diffraction constraints
of UV light that results in lower resolutions than desired. To overcome this problem,
lithographic techniques that use particles with shorter wavelengths are employed.
Scanning beam lithography is a set of conventional techniques that use high energy
particle beams with short wavelengths, such as electrons or ions, to impart patterns in
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appropriate resists. In electron beam lithography (EBL), the selected areas of elec-
tron-sensitive resist are exposed to electron beams resulting in their differential
solubility in solvents (Fig. 9.1b) [19]. Poly(methyl methacrylate) is the most widely
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used resist; however, other synthetic polymers [20], proteins [21], inorganic materials
[22], and self-assembled monolayers can be patterned using EBL. The patterns are
programmable and resolutions of 3–5 nm can be obtained, although for larger surface
areas, the resolution decreases to 30–40 nm [23]. These patterns can be used by
themselves or as masters to study the effects of nanotopography on stem cells [24, 25].

Focused ion beam lithography is another method that uses heavy ions such as
gallium to selectively construct a pattern by modification of a resist layer, sput-
tering, or deposition on a substrate [26]. This method yields topographies with a
resolution of approximately 20 nm and a smallest lateral dimension of 5 nm [27].
Scanning beam lithography’s shortcomings are its high cost, slow processing
speed, and low-throughput nature that have limited its widespread use.

9.2.2 Soft Lithography

Whereas scanning beam lithography suffers from low-throughput and high cost,
soft lithography has been used by many biologists given its ease of use, low cost,
and high-throughput. Soft lithography is a set of methods that use a soft flexible
material, called an elastomer, to pattern micron and sub-micron scale structures or
molecules on a surface (Fig. 9.2) [28]. Poly(dimethylsiloxane) (PDMS) is the most
common elastomer used, however, other polymers, such as polyimides, polyure-
thanes, and natural polymers can also be used. PDMS is especially advantageous
given its flexibility, biocompatibility, and permeability to gases such as oxygen
and carbon dioxide [29]. Also, its transparency to light makes it ideal for real-time
optical imaging. In soft lithography, molds generated by other lithographic tech-
niques (e.g. photolithography) are used to emboss structures in the elastomer in a
single step process. The structured elastomer can then be used as a tool in molding,
printing, or embossing [30].

The various techniques in soft lithography include replica molding, nano- and
microcontact printing (lCP), micromolding in capillaries (MIMIC), microtransfer
molding, and microfluidics [30]. In replica molding, patterned elastomers are used
as molds to create bas-relief structures in other polymers (Fig 9.2a). This tech-
nique can be used to fabricate microscale stencils (Fig. 9.2fi). Stencils are a thin
layer of material (commonly a polymer) containing specified holes of desired

Fig. 9.1 Conventional lithography methods. a Photolithography: silicon wafers are used as
substrates for spin-coating a photoresist layer, followed by mask placement and UV light
illumination. The unexposed areas of the photoresists dissolve in a solvent and wash away
resulting in a master. The master can then be used as a mold by pouring and curing PDMS
polymer resulting in embossed microstructures [30]. Adapted by permission from Macmillan
Publishers Ltd: [Nature Reviews Microbiology], copyright (2007). b Electron beam lithography:
An electron gun exposes selected areas of spin-coated electron-sensitive resist to electron beams
[19]. Reprinted with permission from Springer Science ? Business Media: [Annals of
Biomedical Engineering], copyright (2006)

b
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dimensions and shapes, that have been utilized in studying heterotypic cell–cell
interactions [31]. lCP uses a topographically patterned elastomer as a stamp to
transfer ‘ink’ to a surface (Fig 9.2b) [32]. The ink may consist of proteins, nucleic
acids [33], or cell suspensions. lCP can routinely produce patterns with dimen-
sions in the submicron range; however, higher resolutions are hampered by the
lateral diffusion of ink molecules and loss of mechanical integrity of the soft
elastomer at the sub-micrometer scale [34]. Nanocontact printing overcomes these
obstacles by using stiffer elastomers and higher molecular weight inks to generate

Fig. 9.2 Soft lithographic techniques. a Replica molding. b Microcontact printing. c Micro-
molding in capillaries. d Microtransfer molding. e Microfluidics. f Examples of soft lithographic
products. fi Microscale stencils made from poly(dimethylsiloxane) via replica molding. fii An
example of a distinct geometry that can be formed using replica molding. fiii A microfluidic chip
used for microbial culture [30]. Adapted by permission from Macmillan Publishers Ltd: [Nature
Reviews Microbiology], copyright (2007)
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sub-100 nm scale features [35]. MIMIC and microtransfer molding techniques are
similar in that gaps in the elastomeric structures are filled with prepolymer after
and prior to conformal contact with a surface, respectively, followed by curing and
peeling off the elastomer (Fig. 9.2c, d) [36, 37].

In microfluidics, devices are created by placing PDMS with embossed
channels against glass to form closed channels (Fig. 9.2e, fiii). The manipula-
tion of fluids inside these channels allows for studying the effect of shear force,
generated by flowing fluids, on stem cells [38]. Given the micron-scale
dimensions of microfluidic channels, flow is laminar and mixing occurs by
diffusion [29]. This property has been utilized to generate precise biomolecular
concentration gradients to mimic the spatial concentration gradients of growth
factors and morphogens present in biological systems [39, 40]. Furthermore,
these devices can be scaled-up by constructing multilayer microfluidic con-
structs [41].

Soft lithography has gained wide acceptance in stem cell biology given its
reproducibility and ability to generate arrays of biomolecules. This microtech-
nology allows for construction of nanotopographies [42–45], precise control over
cell adhesion and shape [46–48], and generation of biomolecular concentration
gradients [49, 50] that has provided insight into stem cell behavior. Furthermore,
microfluidics has spurred innovation of miniaturized bioanalytical tools, such as
nanoliter-scale polymerase chain reaction (PCR) [51], single-molecule genomic
sequencing [52], and picoliter-scale cell sorting [53] that will replace or come to
act synergistically with current analytical methods.

9.2.3 Nanoimprint Lithography

While in soft lithography, molds are soft elastomers, in nanoimprint lithography
(NIL) rigid molds are used to transfer nano- and microarchitectures to polymers.
The polymers are cured either by cooling or UV-irradiation (Fig. 9.3a, b) [54].
In the former method, known as thermal-NIL, a silicon mold is pressed against
a thermoplastic polymer at conditions above the glass-transition temperature
followed by cooling below this limit to trap the pattern within the polymer.
Alternatively in UV-NIL, also known as step-and-flash imprint lithography, a
transparent rigid mold may be pressed against a photosensitive polymer precursor,
followed by UV exposure to cross-link the prepolymer and transfer topographical
features of the mold [12]. The remaining layer may be stripped by etching or
another material can be added on the pattern by chemical vapor deposition. NIL
can produce structures with features as low as 2 nm [55]. NIL has not made a
considerable impact in the biological sciences; however, it has been used for
nucleic acid manipulation [56], protein patterning [57], and cellular alignment
[58].
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9.2.4 Direct-Write Methods

Direct-write methods involve the transfer of molecules from a probe or nozzle onto
a substrate’s surface. This can be accomplished by using scanning probe micro-
scopes such as an atomic force microscope (AFM) or a scanning tunneling
microscope (STM) to deposit various molecules, the process that is termed
scanning probe lithography (SPL). Alternatively, the nozzles in inkjet printing or
robotic deposition can be used to deposit materials on surfaces [12].

Fig. 9.3 Nanoimprint lithography (NIL) and dip pen nanolithography (DPN). a In NIL, a mold is
pressed against the resist layer followed by thermal or UV curing [12]. b Scanning electron
micrographs of structures obtained with this method are shown on the right [157]. Adapted with
permission from American Institute of Physics: [Journal of Vacuum Science & Technology B],
copyright (2006). c Dip pen nanolithography (DPN): an atomic force microscope probe is used to
‘write’ on a substrate using selected molecules as ‘ink’ [12]. Adapted by permission from
Macmillan Publishers Ltd: [Nature Materials], copyright (2008). d Examples of parallel DPN
showing patterns of two different fluorescently tagged proteins [64]. Adapted by permission from
John Wiley and Sons: [Small], copyright (2008)
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9.2.4.1 Dip Pen Lithography

Scanning probe lithography takes advantage of the nano-sized probe tip of AFM or
STM to alter material structure down to the atomic or molecular level via modi-
fication, elimination, or deposition [59]. In traditional SPL such as nanoshaving or
nanografting, the probe applies force on the material to remove a patterned layer
[60]. However, these ‘destructive’ methods, similar to conventional lithographies,
limit the number of usable substrates. Thus SPL has been expanded to be used as a
direct-write tool in a ‘constructive’ manner by depositing materials onto surfaces,
as in dip pen nanolithography (DPN) (Fig. 9.3c). In DPN, the probe acts as a ‘pen’
carrying molecules of interest or ‘ink’, and as it comes into contact with the
substrate’s surface, forms a meniscus. This meniscus acts as a conduit for the
capillary transport of molecules onto the surface [61]. The movement of the probe
is controlled via a computer and hence the pattern generated can be programmed
[59]. Ultrahigh resolution can be obtained ranging from 15 nm to several microns
[62]. DPN has surpassed the low-throughput nature of traditional SPL by parall-
elization and multiplexing using an array of probes that can simultaneously deposit
different molecules on the same surface (Fig. 9.3d) [63, 64].

In recent years, other lithographic methods have been integrated with DPN to
combine the strengths and reduce the limitations of each technique [65]. For
instance, polymer pen lithography (PPL) combines microcontact printing with
DPN, by using an array of pyramidal elastomeric tips that absorb ink and act as
reservoirs to digitally print molecules onto a surface [66]. PPL can contain
thousands to 108 tips that can produce patterns of 80 nm to 10 lm at a fraction of
the cost of DPN [60]. In another method, termed beam pen lithography, an opaque
metal coats the elastomeric tips except at its apex to direct light [67]. Since the tips
are flexible, they can come in contact with the substrate surface and light is passed
directly from the tip, acting as an aperture, onto the surface. This technique
overcomes the diffraction constraints of traditional photolithography and is high-
throughput.

DPN has been used to pattern a variety of molecules, such as synthetic polymers
[68], peptides [69], proteins [70, 71], and nucleic acids [72]. In stem cell science,
variations in stem cell populations and cell culture substrates can reduce a study’s
reproducibility. Hence, there is a dire need for the production of homogenous arrays
of substrates. The introduction of parallel DPN (Fig. 9.3d) has allowed for the
generation of reproducible micro- and nanoarrays of biomolecules to study cell-
material interactions, cell adhesion, and stem cell differentiation [73, 74].

9.2.4.2 Ejecting Techniques

Ejecting methods employ a nozzle that extrudes ink onto a surface. Such methods
include inkjet printing and robotic deposition. The patterns are digitally pro-
grammed and can be 2D or 3D. In 3D patterning, a layer-by-layer deposition of
cells and matrices is accomplished for the formation of tissue-like structures [75].
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The resolutions of these methods range from hundreds of nanometers for the
robotic method to less than 10 lm for inkjet printing [12]. Advantages include
preserving the structure and functionality of molecules transported, high-
throughput, and compatibility over large surface areas.

The ejecting methods can be used to fabricate cellular scaffolds or form 2D
patterns of synthetic polymers, proteins, and stem cells to study cell–matrix or
cell-material interactions [76–78]. Also, with the advent of 3D deposition, cellular
scaffolds [79] and complex biological structures can be fabricated to study cell–
cell interactions and to engineer tissues and organs [80].

9.3 Applications of Microtechnology in Stem Cell Biology

As outlined above, microtechnological approaches can yield substrates with unique
surface properties and features of differing geometries and sizes. These technologies
have been applied to deconstruct the stem cell niche into its components. While
simplistic, this approach allows a reductionist reasoning to untangle the complex
molecular network that is at play in the niche. This makes it possible to examine the
effects of stem cell niche’s elements on an individual basis. In this next section,
we present the use of microtechnology in studying cell-substrate and cell–cell
interactions. Then, the roles of microfluidics in creating dynamic biochemical
environments and analytical tools are highlighted. This section ends with a dis-
cussion on strategies for creating more complex tissue-like structures.

9.3.1 Controlling Cell-Substrate Interactions

Microfabrication can be used to generate substrates with desired 2D geometric
patterns to induce a variety of cellular responses, such as proliferation [81],
apoptosis [82], polarization [83], and differentiation [46–48]. In addition to con-
trolling the 2D microenvironment, lithographic techniques can construct 3D nano-
and microscale topographies on substrates to modulate cell behavior [84].

9.3.1.1 2D Biomolecular Patterns

Generation of spatial biochemical patterns can be achieved by deposition of cell
adhesive molecules on a substrate’s surface using a variety of microtechnologies.
Soft lithography, in particular lCP, inkjet printing, and robotic deposition have
emerged as versatile tools in creating 2D biomolecular patterns. Numerous cell
adhesive molecules, both synthetic and natural, have been used to study cell-
material or cell-ECM interactions. Given the large number of combinations of
extracellular matrices and synthetic materials, and the problem of predicting their
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effects on stem cells, high-throughput combinatorial screening assays have
emerged as a solution. Robotic deposition has been the technology of choice to
create microarrays of biomaterials consisting of different combinations of ECM
proteins or synthetic materials. For example, Anderson et al. [85] tested over 1,700
synthetic polymer-human embryonic stem cell (ESC) interactions to study their
effects on cell attachment, proliferation, and differentiation (Fig. 9.4a). In another
work, a microarray containing 32 combinations of different ECM molecules
(laminin, fibronectin, collagen I, III and IV) was used to screen for mouse ESC
differentiation [86]. The array demonstrated a *140-fold difference in hepatic
differentiation between the least and the most efficient ECM combinations. This
platform was further extended to study the effects of ECM and growth factors on
cardiac lineage differentiation. The chip was compartmentalized into several wells
that contained mixtures of growth factors, such as wingless-type MMTV integration
site family (Wnt) 3a, bone morphogenetic protein (BMP) 4, fibroblast growth factor
(FGF) 4, and activin A [87]. 3D microarrays have also been developed for screening
human ESCs by utilizing ECM components to make a variety of cell-encapsulated
hydrogels [88]. Hydrogels are 3D cross-linked polymeric networks with high water
content that have similar structural properties as ECM [89, 90]. While these com-
binatorial libraries are high-throughput and cost-effective, one of their caveats is the
possibility of diffusion of molecules from one region of the chip to another, leading
to cross-contamination [91]. To address this problem, each distinct microregion can
be isolated by sandwiching cell-seeded microwells with a microarray of posts
containing a combinatorial array of chemicals [92].

ECM interacts with cells by binding to transmembrane receptors through its
integrin binding sites. Such a biochemical signal also imparts physical changes
through the modulation of cell’s cytoskeletal machinery, leading to cell morpho-
genesis. These bio-physicochemical cues are inherent in the microarchitecture of the
niche through the particular arrangement of ECM molecules and neighboring cells.
In vitro, cell shape can be controlled by fabricating geometric patterns of cell
adhesive molecules, which have been shown to affect stem cell behavior [16, 46–48].
For instance, mesenchymal stem cell (MSC) differentiation was directed via con-
trolling the size of fibronectin islands created by lCP [46, 47]. Small islands reduced
cell spreading and promoted a round morphology, whereas larger islands increased
cellular spreading and favored a flattened shape (Fig. 9.4b). Adipogenesis and
osteogenesis were favored by small and large islands, respectively, in the presence of
mixed osteogenic/adipogenic media. When transforming growth factor-b was used
instead of mixed media, small islands promoted chondrogenesis and large islands
directed myogenesis.

Micropatterning of substrates not only can be used to study cell-substrate
interaction, but also to form homogenous embryoid bodies (EBs). For instance,
circular patterns of ECM of varying diameters were used to form different human
ESC colony sizes [93]. The colonies were then transferred to suspension culture
where they formed EBs of uniform size. The size of the colony determined
the differentiation trajectory with smaller colonies exhibiting an increased endo-
dermal/neural gene expression ratio. Subsequently in EBs derived from these
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Fig. 9.4 2D Biomolecular patterns. a Microarray of synthetic materials seeded with human
embryonic stem cells stained against cytokeratin 7 (green) and vimentin (red) [85]. Adapted by
permission from Macmillan Publishers Ltd: [Nature Biotechnology], copyright (2004). b Effect
of cell shape on differentiation: microcontact printing was used to create different cell adhesive
geometries, leading to different cell shapes. This in turn resulted in the preferential differentiation
of mesenchymal stem cells to chondrocytes on small islands (1,024 lm2) and to smooth muscle
cells (SMC) on large islands (10,000 lm2) in the presence of transforming growth factor-b.
Immunofluorescent staining was done against calponin (SMC marker) and collagen II
(chondrocyte marker). GM, growth medium; DM, differentiation medium; scale bar, 50 lm
[47]. Adapted by permission from John Wiley and Sons: [Stem Cells], copyright (2010)
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colonies, there was a greater induction of mesoderm and cardiac lineages with
larger EB sizes.

9.3.1.2 Topographical Patterns

There is a great interest in the development of novel 3D culture systems given the
lack of physiological relevance of 2D culture platforms [94, 95]. Scaffolds with
micro- and nanoscale 3D geometrical features can be fabricated to investigate
interaction of cells with these topographical cues. Cells sense and respond to these
3D geometric cues through contact guidance and cytoskeletal reorganization [96].
Numerous microtechnologies including photo- and soft lithography [44, 45], EBL
[25], and nanoimprinting [58] have been used to more precisely mimic the micron
and submicron topographies of the in vivo environment [19]. For instance, 70 nm
wide ridges of silicon oxide fabricated by EBL resulted in cytoplasmic and
actin microfilament alignment of human corneal epithelial cell (Fig. 9.5a) [97].
In another example, nanograting structures fabricated by nanoimprinting resulted
in an increased expression of neuronal markers in cultured MSCs, compared to
unpatterned and micropatterned structures [44]. Although the mechanism behind
the morphological and genetic changes induced by nanotopography is unclear,
clustering of cell adhesion molecules such as integrins, or preferential actin
polymerization are the leading theories in explaining this phenomenon [84, 98].

Fig. 9.5 Topography. a Response of corneal epithelial cell to nanograting. Scanning electron
micrographs (SEM) of an epithelial cell on a nanograting topography (top) and unpatterned
surface (bottom), illustrating the elongation and alignment of the cell along the grating axis [97].
Adapted by permission from Company of Biologists Ltd: [Journal of Cell Science], copyright
(2003). b Microwell system for homogenous embryoid body (EB) generation. SEM (top row) and
phase contrast (middle row) images of different sized microwells. Fluorescent images (calcein
AM/ethidium homodimer assay) of EBs in microwells are shown in the bottom row [99].
Copyright (2009) National Academy of Sciences, USA
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One of the obstacles in stem cell biology has been cell population heterogeneity
resulting in reduced reproducibility of experiments. Microwell arrays, fabricated via
replica molding, have emerged as a powerful tool for generating homogenous size-
based arrays of embryoid bodies (EBs) (Fig. 9.5b). The diameter of microwells
determines the size of EBs produced within each well. It has been shown that differ-
entiation trajectories can be altered by changing the size of EBs. In one study, dif-
ferentiation to the cardiac phenotype was preferred in larger, compared to smaller EBs,
whereas smaller EBs favored differentiation to the endothelial lineage, compared to
larger EBs [99]. Furthermore, the surface of microwell arrays can be functionalized
with ECM molecules to provide a biomimetic quasi-3D microenvironment [100, 101].

9.3.2 Controlling Cell–Cell Interactions

The dynamics of cell–cell communication is important for understanding a number
of biological phenomena, such as the determination of cell fate. In vivo, stem cells
are in contact, or in close proximity with neighboring cells and intercellular signals
govern many stem cell biological processes. Hence, controlling cell–cell interac-
tions provides an additional level of control over regulating stem cell differenti-
ation. There have been many attempts to control the spatial organization of an
individual cell or cellular colonies using a variety of microscale approaches. For
example, a silicon platform consisting of two interdigitating pieces was fabricated
by micromachining to dynamically manipulate heterotypic cell–cell interactions
via adjusting the distance between the interdigitating plates (Fig. 9.6) [102]. Using
this device, the dynamics of communication between hepatocytes and stromal cells

Fig. 9.6 Cell–cell interaction. A Micromechanical device used to create organized cocultures of
hepatocytes and stromal cells and control the distance between these two cell types by movement
of the interdigitating plates [102]. Copyright (2007) National Academy of Sciences, USA
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were assessed, revealing that short distances from stromal cells (\400 lm) are
required for the maintenance of hepatocytes.

Stencils are another tool commonly used to control cell–cell interactions.
To this end, a dynamic environment involving coculture of murine ESCs with
fibroblasts or hepatocytes can be created using microscale stencils [103]. Briefly,
the stencil was placed against a flat fibronectin-coated PDMS substrate and murine
ESCs were seeded. The ESCs adhered to the PDMS substrate through the holes of
the stencil. After allowing time for cell attachment, the stencil was peeled off,
removing cells that had not fallen through the stencil holes. Subsequently, fibro-
blasts or hepatocytes were seeded to create a coculture system.

Although the previous examples demonstrate heterotypic cell–cell interactions,
homotypic stem cell communication can be used to direct differentiation. In work
by Tang et al. [104], patterns of arginine-glycine-aspartate microislands were
fabricated using photolithography. Each microisland was of such a size that
allowed single cell attachment and could be next to a variable number of other
microislands, thereby adjusting the number of cell–cell contacts. It was shown that
cells on isolated microislands showed significantly less differentiation compared to
those with a higher number of contacts to adjacent cells.

9.3.3 Microfluidics and Stem Cells

Microfluidics has emerged as an enabling apparatus for the dynamic perturbation
of biophysical and biochemical factors similar to that experienced by stem cells in
their niche. Furthermore, this technology can be used as a bioanalytical tool for
applications such as cell sorting, and protein and nucleic acid analysis. In addition,
studying the effects of shear stress, caused by flowing fluids in microchannels,
on cellular functions is possible. Generation of cocultures [105, 106] to study
heterotypic interactions and patterning of proteins and cells [107] to investigate
cell-ECM cross talk can also be accomplished with these devices. Another
advantage of microfluidics is the pico- to nanoliter volume requirement of cell
culture reagents, which is the reason for their use as microbioreactors. In this
section, we will discuss various microfluidic-based approaches relevant to stem
cell studies.

9.3.3.1 Creating Dynamic Biochemical Cues

Cytokines play a major role in cellular signaling through binding to cell surface
receptors that result in modulation of cell behaviors. Indeed, numerous cytokines
have been used to direct differentiation of stem cells in static cell cultures [108–110].
Microfluidics has circumvented the lack of dynamic spatiotemporal control over
cytokine presentation in standard culture methods. Numerous methods have been
developed for the generation of concentration gradients using microfluidics
(Fig. 9.7) [111, 112]. In one study, Park et al. differentiated neural progenitor cells
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into neurons using a concentration gradient of sonic hedgehog, BMP-4 and FGF-8
[49]. In another study, Chung et al. exposed human neural stem cells to a gradient of
epidermal growth factor, FGF-2, and platelet-derived growth factor, and demon-
strated that differentiation into astrocytes was concentration-dependent [50]. These
gradients can be generated by attachment of molecules on a substrate, embedment
within a 3D matrix, or under continuous flow.

9.3.3.2 Micro-Bioanalytical Systems

Microfluidic systems have been designed to address the challenges faced in typical
RNA or DNA analysis platforms, including large consumption of expensive
reagents and samples, and relatively slow analysis [113]. For instance, the Quake
group developed a large-scale microfluidic chip with 1,000 independent picoliter-
sized reaction chambers and over 3,500 microvalves for loading and compart-
mentalization for high-throughput bioassay applications [114]. Using multilayer
microfluidic networks, 72 parallel reverse transcriptase-PCR (RT-PCR) reactions
were done using picoliter volumes of samples. The cycling times for these reac-
tions were much shorter given the high surface area to volume ratio of microfluidic
channels [115]. In addition to nucleic acid analysis, microfluidics has been used to
manipulate cells via electrical [53], optical [116], and magnetic [117] methods,
which can be beneficial in cell sorting applications.

Microfluidics has enabled a new approach to the transport, mixing, sorting, and
recovery of samples, thereby reducing the scale of experiments to that on a small chip
[118]. These so-called ‘lab-on-a-chip’ devices or ‘micro-total-analysis-systems’ have
numerous applications, including clinical diagnostics, and nucleic acid and protein

Fig. 9.7 Generation of a concentration gradient using microfluidics. A microfluidic device (left)
fabricated from poly(dimethylsiloxane) showing its ports for media perfusion and cell/reagent
loading. Red, blue and yellow dyes were used to create a concentration gradient (right) [158]. Adapted
by permission from John Wiley and Sons: [Biotechnology and Bioengineering], copyright (2005)
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manipulation [119]. Despite their potential, microfluidic devices suffer from com-
plexity associated with their plumbing and numerous valves that has shunned main-
stream biologists from accepting it. As in other industries, simplification of design
parameters and versatility are needed to push these devices into widespread use [112].

9.3.3.3 Single-Cell Analytical Platforms

One of the difficulties of working with stem cells is the heterogeneity within each
population, as well as the batch-to-batch variability. Conventional culture methods
measure the average response of these cell populations, invariably skewing the
results toward the characteristics of the majority-representing cell type and masking
the effects of the rare or minor cell types present. Microfabrication methods such as
replica molding [120] and microfluidics [121] have been used to generate microwells
for single-cell analysis of hematopoietic stem cell line [122]. In work by Lecault
et al., a microfluidic device containing 1,600 nL-sized chambers was used to capture
a single hematopoietic stem cell per well [121]. This device was then used to
introduce Steel factor in a spatial and time-dependent manner to study cell prolif-
eration. The application of microfluidics has also been extended to single-cell gene
expression profiling and genomic sequencing [123, 124].

9.3.3.4 Stem Cell Microbioreactors

Bioreactors are devices with designs based on bioprocess engineering principles to
tightly control multiple cell culture parameters with the goal of driving a biological
process in a robust, efficient, and reproducible manner [125]. In the case of stem cells,
the desired biological processes include uncommitted cell expansion, directed dif-
ferentiation, and formation of tissues. Unlike static cell cultures, bioreactors possess
sensors to strictly control physiological parameters, such as oxygen tension, pH, and
nutrient and waste concentrations [126]. The bioprocess control involved in con-
structing these devices is based on optimization of specific culture conditions and
large-scale production and manufacturing. The optimization process is accomplished
at reduced scales to decrease the consumption of reagents and their associated costs.
The emergence of microfluidics in cell biology has allowed for a dramatic reduction in
bioreactor scales, from milliliters to nano- and microliters. These so-called micro-
bioreactors have grown substantially more complex by allowing automation, parallel
multi-parametric experiments, and real-time imaging and analysis. Once optimiza-
tion is accomplished by microbioreactors, large-scale production can ensue. Such
manufacturing is needed to supply biological parts for cellular-based therapies and
pharmaceutical research [127]. In this section we will focus only on microfluidic-
based microbioreactors for stem cell culture; however, the reader is referred to several
excellent articles for further reading on bioreactors [126, 128–131].

As mentioned previously, microfluidic devices are capable of manipulating
fluids and controlling concentration of biomolecules in time and space. As opposed
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to stagnant culture methods where concentration gradients of molecules develop as
cells take up nutrient and secrete waste, in microfluidics, a steady state is achieved
by flowing fluid. This results in a constant supply of nutrients and removal of
metabolic waste products, similar to the function performed by the microvascula-
ture in vivo. Perfusion in microfluidic devices seeded with ESCs have demonstrated
that cell proliferation is directly correlated with flow rate and pluripotency can be
maintained for[7 days in a feeder-free culture system [132, 133]. One disadvan-
tage with continuous perfusion systems is the elimination of autocrine and paracrine
signals which play a crucial role in the stem cell niche. To reduce this limitation,
microbioreactors with cyclic periods of flow and static incubation have been
devised. In one instance, human ESCs cocultured with human foreskin fibroblasts
were subjected to short periods of continuous flow and longer periods of stagnancy
to demonstrate the feasibility of such a system [134].

In most bioreactors, convective mass transport is accomplished by controlled
stirring to homogenize the soluble factors present in the cell microenvironment.
However, achieving this at the micron-scale level is a challenge. One method
recently developed uses convective flow as a stirring method [135]. This approach
is based on creating minuscule temperature gradients that results in convection and
mixing within a liquid medium and has been shown to support hematopoietic stem
cells in an array of microliter-sized bioreactors. Another example of increased
sophistication in these microbioreactor devices is the use of traps in a microfluidic
system to capture ESCs and promote their proliferation into EBs [136].

9.3.4 Building Tissue Microarchitecture

The behavior of stem cells is critically dependent on their microenvironment.
The niche provides a multitude of bio-physicochemical cues that are integrated by
each stem cell resulting in perturbation of its molecular circuitry. Hence, valuable
insight may be gained by mimicking the in vivo microarchitecture of tissues. Complex
hierarchical structures can be built using a variety of microtechnologies, including
inkjet printing and robotic deposition [75], electropatterning [137], and modular
assembly [138]. In the next section, we discuss the role of hydrogels in constructing
tissues as well as vascularization strategies for engineered tissue constructs.

9.3.4.1 Hydrogels and Tissue Assembly

The construction of biomimetic structures may aid in controlling the differentiation of
stem cells to a target lineage and engineering of functionalized tissues. One of the
promising avenues for engineering tissues is the use of hydrogels as cellular scaffolds.
Hydrogels can be naturally-derived or synthetic. Naturally-derived hydrogels are
often made from ECM components (collagen, hyaluronic acid, fibronectin) as well as
other natural materials (chitosan, alginate, silk). These materials have the advantage of
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possessing biological cues [139]. In contrast, synthetic hydrogels are advantageous
due to their low immunogenicity and control over physical and chemical properties
[140]. The combination of hydrogels and microscale technologies such as photoli-
thography and soft lithography has enabled the creation of cell-laden hydrogels with
characteristic shapes and micron-scale sizes [141, 142]. For example, micropatterned
gelatin methacrylate (GelMA) hydrogels were used to direct 3D cellular behavior
[143, 144]. Cell confinement within GelMA hydrogel micro-constructs induced cel-
lular alignment and elongation of numerous cell types, including cardiac stem cells.

Micron-sized hydrogels or microgels can be assembled in a step-wise fashion to
form a higher-order macrostructure in an approach known as ‘bottom-up’ or modular
assembly [138]. In this approach, each microgel is used as a building unit, composed of
a particular polymer, containing a specific cell, and having a desired microarchitecture.
This assembly technique has great potential in constructing complex tissue structures
with high precision over its microarchitecture to better mimic native tissue structure
and function [145–148]. The assembly of each unit occurs by harnessing the properties
of surface tension with regard to hydrophilic hydrogels (Fig. 9.8). By introducing
hydrophobic mineral oil to the media that the cell-laden hydrogels are in, hydrophilic
microgels minimize surface energy via aggregation. Thereafter, the aggregated
microgels are interconnected by exposure to UV light. In another similar technique,
microgels were self-assembled at the air–liquid interface to centimeter-scale structures
[147]. Briefly, polyethylene glycol (PEG) microgels of hundreds of microns in
dimension were fabricated and randomly transferred onto the surface of a very dense,
hydrophobic material, such as tetrachloride or perfluorodecalin. The microgels
spontaneously assembled via hydrophilic interactions to minimize Gibb’s free energy.
Further, Yanagawa et al. [149] were able to build sheets of cell-encapsulated PEG
microgels and assemble them in a 3D manner by stacking the sheets onto one another.
Sodium alginate microgels were randomly interspersed within these PEG microgels
and selectively dissolved after self-assembly to create a highly porous structure.

Potential drawbacks of these techniques include scalability and mechanical
integrity. For instance, the ultimate size of the assembled tissues is limited to the
order of millimeters, which is not applicable for clinical use. Moreover, mechanical
properties of engineered tissues must be robust for transplantation. However, current
bottom-up approaches mainly use hydrogels with low mechanical properties.
Therefore, the following requirements need to be met before clinical applications are
realized: (1) scale-up technologies to achieve clinically relevant length scale, (2)
recapitulation of native mechanical properties, and (3) successful demonstration of
functional improvement in diseased tissues in vivo.

9.3.4.2 Vascularization

Cells require a constant supply of oxygen and nutrients for survival and to function
properly. In vitro, diffusion is the transport mechanism responsible for this supply
in conventional culture systems. 3D tissue-engineered scaffolds of more than a few
hundred micron thickness cannot rely on diffusion alone and need an alternative
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mechanism of transport to ensure cell viability. Thus, similar to tissues in vivo,
functional microvasculatures capable of molecular exchange need to be integrated
into current engineered scaffolds [150, 151]. A hydrogel assembly technique has
been developed to create a perfusable vascularized tissue in vitro (Fig. 9.9) [152].
Briefly, cylindrical human hepatocellular carcinoma line cell (HepG2)-laden col-
lagen hydrogel building blocks were fabricated. Then, human umbilical vein
endothelial cells (HUVEC) were seeded on these hydrogel blocks, forming a
confluent endothelial layer on the surface. The HepG2-HUVEC modules were then

Fig. 9.8 Modular Assembly. a Schematic of modular assembly using hydrogels. Phase contrast
images of assembled microgels are shown. Scale bar, 200 lm. b Microgels can be fabricated to
have lock-and-key geometries. Shown here are fluorescent images of step-wise assembly of
microgels. Green, FITC-dextran; red, Nile Red. Scale bar, 200 lm [148]. Copyright (2008)
National Academy of Sciences, USA
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perfused in a larger tube that allowed the aggregation and compaction of the
modules into a tube-like structure. The engineered devices were perfused with
whole blood and demonstrated high cell viability and antithrombogenicity. This
technique could potentially employ stem cells for creating perfused tissues. There
are numerous other approaches toward engineering vascularized tissues that have
been extensively reviewed in the literature [153–155].

9.4 Conclusion

The use of microtechnology has spawned a new era in the design of non-con-
ventional culture systems that recapitulate the in vivo environment, fabrication of
multifunctional integrated devices, and assembly of complex tissue-like constructs
[156]. These devices allow for culturing of cells, perturbation of cellular micro-
environment via biochemical (e.g., cytokines) and biophysical (e.g., topography)
stimulation, cell sorting, and biochemical analysis (e.g., protein and nucleic
analysis) in a more precise, reproducible, and cost-effective manner. Although
microtechnologies have allowed an additional level of control over the self-
renewal and differentiation of stem cells, further research at the interface of
microtechnology and stem cell biology will be critical to aid in making the
therapeutic potential of stem cells a reality.

Fig. 9.9 Engineered vascularized tissue construct. a Fabrication schematic of the modular
construct. b Phase contrast image of collagen hydrogel module encapsulated with hepatocytes
(HepG2). c After seeding, endothelial cells (EC) formed a confluent layer on the collagen-
hepatocyte module as demonstrated in this confocal micrograph. Green, VE-cadherin immuno-
fluorescent staining. d Perfusion of the flow circuit containing modular constructs. e Collagen-
hepatocyte-EC construct shown in this confocal microscope image after exposure to 7 days of
perfusion. Hepatocytes are labeled with Vybrant CFDA SE [152]. Copyright (2006) National
Academy of Sciences, USA
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Chapter 10
Application of Micro/Nanotechnology
to Stem Cell Research and Technology

Amir R. Aref

Abstract Emerging technology has the potential to provide solutions to the
devastating complications of illnesses, for people of all ages and genders and all
backgrounds. Nevertheless, there are difficulties. Perhaps the most challenging area is
transplantation, and in particular using stem cells. Transplantation implies contact,
hence surface interactions, between the stem cell and the host tissue. Attachment and
spreading of a cell on a substratum are the first part of the process that leads to the
ultimate assimilation of the new cell into the host tissue. Together with confocal
microscopy, we have exploited a uniquely powerful non-invasive optical technique
and a 3-D microfluidic system by integrating a hydrogel scaffold into a PDMS device
for cell growth, with co-culture capability to quantity attachment and spreading, and
determine how the cell environment (the substratum, which might be tissue or an
artificial non-living implant (prosthesis); the complex liquid medium bathing the cell;
and the possible presence of congeners) influence attachment and spreading. This
novel microfluidic platform has proven to be a versatile and powerful tool to study cell
migration for various biological applications. This chapter highlights an overview of
the application of Micro/Nanotechnology to stem cell research and technology.

10.1 Overview of Stem Cells

The fact is that a great number of people now are suffering from diabetes, kidney
failure, spinal cord injury, Parkinson’s disease and many types of cancers. Most of
us share at least a piece of this experience, our loved ones, in times of pain or need,
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reaching out, looking to us for comfort, for a way to stop their suffering. This is the
quest we join, together, when we contemplate the promise of stem cell research,
debate its proper methods and work toward making our hopes a reality curing
disease and disability through stem cell derived therapies.

However, stem cell research starts with understanding its potential for you
and me, our parents and children, our friends and families. For people with
Parkinson’s disease, stem cell research holds the promise of replacing destroyed
specialised brain cells. For spinal injury patients, it offers the potential for regen-
eration of neural tissue, which would reconnect the pathways of sensation and
motor control and allow them to walk again, or talk again, or hug their child again.

It may also provide solutions to the devastating complications of diabetes:
blindness, kidney failure, amputation and cardiovascular disease. Stem cell
research offers hope for people with a great diversity of illnesses, for people of all
age and genders and all backgrounds. It offers hope for each of us, and that hope is
not measured by numbers, for a review, see e.g. [1].

10.1.1 Nanotechnology and Where is It Used Now

Nanotechnology has become one of the most important and exciting fields during
the last few years uniting physics, chemistry, engineering and biology. It shows
great promise for providing us with breakthroughs that may change the direction of
technological advances in a wide range of applications (for a review, see e.g. [2]).
Nanotechnology is thus defined and concerned with the design, synthesis,
characterisation and application of materials and devices with control at least one
dimension on the nanometre scale (see, e.g. [3]).

The real meaning of nanotechnology is therefore size and control. The
consideration of nanotechnology is rather new, but it is by no means is based with
atoms and molecules. In fact, ‘the disciplines of physics, chemistry and biology
have long dealt with atoms and molecules, their behaviour and their manipulation;
and quantum mechanics is already firmly established as the science of the abso-
lutely small’ see Fig. 10.1 [4].

It was first described in 1959 by Feynman in his famous talk ‘There’s plenty
of room in the bottom’. He introduced the idea of making things smaller,
so small that ultimately the manipulation of single atoms would be possible.
He proposed that such an improvement in physics would eventually find
applications in other sciences such as biology, chemistry and electronics [5].
Despite Feynman’s vision and enthusiasm, the progress of nanotechnology really
took off in the 1980s when the development of apparatus such as the scanning
tunnelling microscope [6] resulted in the opportunity to ‘see’ things at the
nanometre scale.
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10.1.2 Nanotechnology and Biology

Nanotechnology and biology are young and rapidly evolving fields of research at
the junction of biotechnology and nanoscience, these two areas, each of which
combines advances in science and engineering. Although the field of nanobio-
technology is still in a fairly embryonic state and the applications identification
process are also used to generate related to health and environmental issues.
Currently, nanobiotechnology is a field that concerns the utilisation of biological
systems optimised which capable the evolution such as cells, cellular components,
nucleic acids and proteins, to fabricate functional nanostructured comprised of
organic and inorganic materials. Nanobiotechnology and Bionanotechnology are
essentially synonyms [4] refer to the materials and processes at the nanometer
scale that are based on biological, biomimetic or biologically molecules and also
concern the modification and application of instruments that can precisely control
the biological systems and initially designed to generate and manipulate nano-
structured materials, to basic and applied studies of fundamental biological
processes (for a review, see e.g. [7]).

Nanotechnology is beginning to help advance the equally pioneering field of
stem cell research, with devices that can precisely control stem cells and provide
nanoscaffolds and magnetic tracking systems. The characteristics of stem cells
indicate that these cells, are used in developmental biology studies, have the
potential to provide an unlimited supply of different cell types for tissue
replacement, drug discovery and functional genomics applications [8].

Fig. 10.1 From left to right, the indirect, direct and conceptual branches of nanotechnology, with
examples [4]
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10.1.2.1 Nanotechnology and the Cellular Environment

Most biological systems are highly complex systems which have evolved over
time to respond to various changes in a cell’s environment. In general, cellular
behaviour is derived from intrinsic and extrinsic factors. The intrinsic factors are
the internal genetic make-up of a cell defined by gene regulatory networks. The
regulation of the gene networks is through stochastic and deterministic intracel-
lular events. Although these events regulate the cell behaviour at times in an
autonomous manner, many of the signals that regulate cellular behaviour are
extrinsic and derived from the surrounding environment. The ability to control cell
behaviour is important for a wide range of applications in biotechnology and tissue
engineering. Developmental biology has shown that the environment plays an
important role in controlling cellular differentiation, proliferation and of particular
interest in controlling the cellular environment is to control the interactions at the
nano length scales. In the body, cells interact with their surrounding tissues on a
sub-cellular level as well as on a tissue level. For example, many extracellular
matrix (ECM) fibres are on the multinanometer length scales. Therefore, the
ability to control the in vitro cellular environment on the nano-length scales by
using engineering and materials sciences approaches is of great interest in
controlling cell behaviour (for review, see e.g. [9]).

Nanotechnology has been increasingly used to control the cellular environment.
For example, nanomaterials such as self-assembled peptides and electrospun
nanofibers are emerging as powerful technologies to generate 3-D structures.
In addition, nanoscale topography has been shown to be a powerful regulator of
cell behaviour such as alignment, migration and differentiation (see e.g. [10]).

10.1.2.2 Nanotechnology and Stem Cells

During the last few years, stem cell biology has pioneered a rapid advancement,
leading to rising hopes that stem cells, migrating towards a lesion target area,
will contribute to functional improvement. Stem cell research area has recently
generated more public and professional interest than almost any other topic in
biology. One reason stem cells capture the imagination of so many is the promise
that understanding their unique properties may provide deep insights into the
biology of stem cells, as well as a path towards treatments for a variety of
degenerative illnesses. And although the field of stem cell biology has grown
rapidly, there exists considerable confusion and disagreement as to the nature of
stem cells (for review, see e.g. [11]).

Therefore, there is a need to develop methods for visualising transplanted stem
cells for a better understanding of their migrational dynamics and differentiation
process and of their regeneration potential. Initial cell surface reactions may
trigger multiple responses, which in turn result in either spreading or detachment
of the cell. Cell adhesion and mobility depend strongly on the interactions between
cells and ECM substrates [12].
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10.1.2.3 Cell Adhesion

When cells are cultured outside the body in an artificial environment, they inevitably
lose many of their in vivo characteristics. An essential principle is that cells are
almost never in direct contact with an artificial surface: there is almost always an
intermediate layer of protein, and if the protein is not provided beforehand, the cells
will typically synthesise and excrete it themselves before bonding to the surface, and
a second principle is that the behaviour of the cells is modified by their interaction
with the surface.

In the human body, cells are in contact with a complex combination of
proteins, proteoglycans and glycoproteins that make up the basement membrane
and the ECM of a tissue. These acellular portions of a cell’s natural environment
vary from tissue to tissue in both composition and structure. When cultured on
flat surfaces, such as the standard petri dish, cells will often lose their native
morphology. Cells typically flatten and spread out on flat surfaces, and as a
population (for reviews see e.g. [10]). Cells grown in a liquid culture medium
will usually be spherical as expected from a simple application of surface energy
minimisation. A fascinating and complex sequence of reactions results when a
cell lands on a solid substratum. The shape change happens from sphere to
segment and during this time the cell-substratum contact increases from zero to
tens of square micrometers [13].

Spreading can take place longer to perform and many molecules are able to
mediate cell adhesion, but few are able to support cell spreading. Initially,
exploratory filopodia stick out from the cell, driven by localised actin polymeri-
sation. Complicated topographical, mechanical and chemical information is
conveyed from specialised receptors to the nucleus of the cell, and a suitable
response is generated.

10.1.2.4 Cell Binding Mechanisms (Morphology)

Suspended cell morphology is that of a sphere and when attaching to a surface they
first bind and then spread as they become more established. Figure 10.2a depicts
rodent fibroblasts 10 min after attachment with the cells still mainly spherical in
appearance. The same cells at 180 min are fully spread, morphologically distinct
and well established (Fig. 10.2b).

The cells of multicellular organisms bind to the ECM and each other. The ECM
consists of macromolecules secreted by cells such as collagen, proteoglycans and
glycoproteins (e.g. fibronectin and laminin) that interact with the cell through
integrin receptors at the cell surface. The glycoproteins give an ordered structure to
the ECM and the integrins bind to these. Integrin receptors are attached to
filaments within the cell cytoplasm, span the cell membrane and attach to arginine-
glycine-aspartate (RGD) domains on the proteoglycan [14, 15].
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10.1.2.5 Cell–Cell Signalling and Internal Cell Signalling

Cell to cell signalling involves the release of a signalling molecule from one cell
which binds to a specific receptor on another cell. This can be paracrine, endocrine
of autocrine and in addition cells can also communicate via gap junctions. Binding
of the signalling molecule results in a receptor conformational change which
initiates secondary signalling cascades that travel through the cell’s internal
machinery [16]. By changing the cell’s environment, one also changes the cell’s
genetic expression. Genes that are normally expressed can be upregulated or
downregulated, while genes that normally are not expressed at all may be turned
on. This may lead to very different functionality in cultured cells compared to their
in vivo counterparts [10].

Cells Behavioural on Bionanomaterials

Attachment and spreading is a key behavioural indicator of living cells.
Nanoobjects materials offer many possibilities for the modification of various
materials turning them into nanomaterials, such as nanofibers and nano carbon
tubes for optimal attachment, proliferation and spreading of different kinds of cells
(reviewed see e.g. [17]). Once cells plated onto artificial adhesive surfaces, cells
first flatten and deform extensively as they spread. At the molecular level,
the interaction of membrane-based integrins with the ECM has been exposed to
initiate a complex flow of signalling events, which subsequently triggers cellular
morphological changes and results in the generation of contractile forces [18].

Stem cells are a useful tool at this stage for investigation methods relating to the
extraction of specific cell types from mixed cell population and to study the differ-
entiation events. Studies of the interactions between substrate topography and stem
cells have been encompassed a wide variety of cell types and substratum features
including grooves, ridges, steps, pores, wells, nodes and adsorbed protein fibres.

Fig. 10.2 Cells attachment on the glass surface after 10 min (a) and after 180 min (b)

172 A. R. Aref



Extracellular Matrix Enhancement

Tissues are complex and are typically organised into a well-defined, 3-D structure
in our bodies. This architecture contributes significantly to the biological functions
in the tissues, including the supply of oxygen and nutrient support, and a spatial
environment for the cells to grow [19]. In this respect, there are three key factors to
be considered for the success of tissue regeneration: cells, scaffold (i.e. the ECM)
and cell–matrix (scaffold) interaction. With the ability to form nanolength struc-
tures, a drive to mimic the ECM and form scaffolds that are an artificial ECM
suitable for tissue formation has begun. These scaffolds typically attempt to mimic
collagen, a natural ECM component of nearly every tissue such as bone, skin,
tendon, ligament and so forth [20].

When a cell comes into contact with biomaterial, it will perceive the chemistry
of a surface using integrin transmembrane proteins to find suitable sites for
adhesion, growth and maturation. In vitro, cells will produce distinct morphologies
when motile and when adhered and entering the S-phase (for those capable of
undergoing division) [21].

Tissue structure and function depend greatly on the arrangement of cellular and
non-cellular components at the micro- and nanoscale level. The ECM provides a
substrate with specific ligands for cell adhesion, movement, proliferation and
function by providing a range of growth factors.

The nanoscaled dimensions of the physical structure of native ECM are known
very well, for example, in a classic connective tissue, structural protein fibres such
as collagen and elastin fibres have diameters that range from several tens to several
hundred nanometers. It is reasonable to expect that an ECM-mimicking tissue-
engineered scaffold will play a similar role to promote tissue regeneration in vitro
as native ECM does in vivo and indicate that the chemistry of the ECM is
of comparable importance to the morphology in influencing cell behaviours
(see e.g. [22, 23]).

Understanding of how the microenvironment can influence the cell behaviour
will aid the development of the next generation of scaffolds for tissue engineering
and stem cell applications. Therefore, the design of nano-featured tissue scaffolds
is exiting field and novel work, opening a new area in tissue engineering
(for reviews see e.g. [24]). Extracellular matrix components have demonstrated
that the presence of these molecules affects morphology, proliferation and
morphogenesis of differentiated cells [25].

10.1.2.6 Nanomaterials

The role of the surface chemistry on cell behaviour has been explored extensively
in the past decades [26]. Substratum topography has direct effects on the abilities
of cells to orient themselves, migrate and produce organised cytoskeletal
arrangements [27]. The nano revolution offers great promise for new creation of
biomaterials and biomedical surfaces.
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Nanostructured surfaces, such as polyamide nanofibers, nanoparticles and
carbon nano tubes are considered for various applications in stem cell biology and
technology. Most nanomaterials in various physical or chemical forms may be able
to enhance the cell response selectively for biological application in tissue
integration.

Bionanomaterials based on nanostructures define in the 1–100 nm range; have
been used to create materials that have novel properties and functions. In partic-
ular, nanofibers, carbon nanotubes (CNTs) and magnetite nanoparticles are now
used to target synthetic ECM and plasmids to specific cell types while protecting
these macromolecules from enzymatic degradation [28, 29]. Additionally,
‘nanoparticles have been proposed for the treatment of many diseases that need
constant drug concentration in the blood or drug targeting to specific cells or
organs’ [30]. Nanomaterials can be classified as two main groups: natural or
manmade. The former are produced naturally: such as proteins in the body, which
control things like transfer of information or repairing cells.

A living cell is a gorgeous example of a highly sophisticated, controlled system of
nature’s nanomaterials, proteins and other biomolecules, which self-assemble into
various supermolecular architectures and interact in a well-defined manner at the
nanometer scale. Nanocomposites permit materials combining a greater variety of
attributes than is possible with simpler materials [13] and also nanodevices permit
the development of information processing and thus responsivity to be incorporated
into coatings, combined with ultracompact artificial sensors. Flemming [31] have
described the topography of the basement membrane and reviewed the effects and
fabrication of synthetic nanostructured surfaces on cell behaviour. Rosenthal [32]
have prepared serotonin-labelled nanocrystals and demonstrated that these nano-
crystals inhibit serotonin transport activity in transfected cells.

Carbon Nanotubes

Another class of nanomaterials are carbon nanomaterials, which are a macromo-
lecular form of carbon with high potential for biological applications due in part to
their unique mechanical, physical and chemical properties. Carbon nanomaterials
are strong, flexible, may conduct electrical current and can be functionalised with
different molecules, properties that may be useful in basic and applied biological
research. Carbon nanotubes have attracted a great deal of attention due to their
unique structural, electrical and mechanical properties [33]. Recently, there has
been an intense interest in exploring some of their novel properties, such as
superior strength, flexibility, electrical conductivity and availability of chemical
functionalisation [34] for biological applications both at molecular and cellular
levels.

Studies of the interaction between CNTs and living cells are still limited.
Mattson [35] reported the feasibility of using CNTs as a substrate for neuronal
growth. Hu [36] have reported chemically functionalised CNTs as substrates for
neuronal growth and studied fully interaction between CNTs and living

174 A. R. Aref



mammalian cells and their results show that the chemical fictionalisation of multi-
wall carbon nanotubes (MWCNTs) possess a diameter almost 100 nm and aspect
ratios that are similar to those of small nerve fibres.

That idea of reconnecting the pathway of sensation signal after neuronal injury
such as spinal cord injury is not new and during a last few years advances in
nanotechnology have stimulated a renewed interest in the development of novel
neural biomaterials that could potentially be used for reconnecting neurons. CNTs
are a novel form of carbon made of a rolled layer of grapheme, which appears well
suited to the design of novel neural biomaterials [37].

Nanofibers

Nanofibrous scaffolds structured by electrospinning certain polymers are highly
porous have a high surface area to volume ratio, and morphological properties
similar to collagen fibrils [38]. These physical characteristics promote favourable
biological responses of seeded cells within these scaffolds including enhanced cell
attachment, proliferation and maintenance of the chondrocytic phenotype [39].
Attempts to make nanofibrous structures began for tissue formation to make
scaffolds that are an artificial ECM substitute. These scaffolds aim to mimic
collagen, a natural ECM component in tissues such as ligament, tendon and bone
and even skin and they reach scales between 50 and 500 nm [20].

Magnetite Nanoparticles

Iron oxide nanoparticles are the end products of a wide variety of physical,
chemical and biological processes and have attracted a considerable attention
during the last decade, and they have been of great interest in many important
technological applications. The use of magnetite nanoparticles in clinical and
medicine is important and has considerable promise for applications in the
biomedical and diagnostic fields such as diagnostic medicine, targeted drug
delivery, hyperthermic treatment for malignant cell, cell labelling, tissue repair and
magnetic resonance imaging (MRI) [40, 41].

Another application of magnetic nanoparticles is in separation because the
reactivity of the particles can be adapted by modifying the surface coatings on the
nanoparticles. The nanoscale particles can be recovered for reuse and they have
very high surface areas. The magnetic nanoparticles which are widely used for
biomedical applications are Fe3O4 and related oxides, which are chemically stable,
nontoxic, non-carcinogenic and have useful magnetic properties.

10.1.2.7 Labelling and Tracking of Stem Cells

During the last few years, stem cell biology has experienced a rapid advancement,
leading to rising hopes that stem cells migrating towards a lesion target area,
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will contribute to functional improvement. There is a need to develop non-invasive
methods to visualise transplanted stem cells [42, 43] for a better understanding of
their migrational dynamics and differentiation processes and of their regeneration
potential [44].

Stem cells can be labelled with antibody-bound magnetic nanoparticles and
tracked [45]. Björklund [46] transplanted ESCs in a Parkinson rat model,1 and for
tracking they used iron-based nanoparticles. Examination of the literature thus
far shows nanoparticles are feasible as imaging contrast agents for magnetic
resonance and optical imaging.

MRI Contrast Agents

One of the main imaging technology and extraordinary 3-D capabilities is used
by most research studies to track stem cells in vivo is MRI [43]. In general,
nanoparticulates provide enormous surface area, which can be functionalised to
serve as a scaffold for targeting ligands and magnetic labels and a wide variety [47]
of iron oxide-based nanoparticles,2 have been developed that differ in hydrody-
namic particle size and surface coating material (dextran, starch, albumin,
silicones).

Optical Labelling

Biological probes are indispensable tools for studying biological samples, cells in
culture and animal models. Exogenous probes are frequently multifunctional, having
one component that can detect a biological molecule or event, and another component
that reports the presence of the probe. Fluorescent dyes are used regularly for deter-
mining the presence and location of biological molecules in cultured cells and tissue
sections. The fluorescent moiety reports the presence and other parts of that molecule
bind to the biological molecule. However, the technique is only semiquantitative,
precision of is limited by optical resolution, and many dyes are toxic to cells.

Moreover, studies of biomolecules at the single molecule level often involve
large teams of specialised biophysicists, sophisticated and finely tuned equipment,
and long periods of time to record and analyse relatively few events. Moreover,
these studies also suffer from other limitations of certain organic dyes, such as
photobleaching, instability and low quantum efficiency [48, 49].

1 The aim of the study was to examine of the potential of ESCs to differentiate into dopamine
neurons and integration within the host brain.
2 Iron oxide nanoparticles are used of a wide variety of physical, chemical and biological
processes such as diagnostic medicine.
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10.1.2.8 Label-Free Optical Sensing

While techniques involving radioactive and fluorescent labelling have provided
insight and many clues as to the nature of various cellular processes the fact
remains that they require a modification to the biological molecule of interest. This
will inevitably affect the function of the molecule [50]. Therefore, non-invasive
label-free optical sensing and other novel techniques with undoubtedly play an
important role in future investigations of cellular and subcellular systems.

Optical Waveguide Lightmode Spectroscopy

Optical waveguide lightmode spectroscopy (OWLS) is extremely powerful tech-
nique for the precise quantification of thin films material deposition on a solid surface
and has mainly been used to study the adsorption of protein layers [50]. This tech-
nique is also very well suited for cell-based experiments which investigate cell
binding and cell spreading parameters [49–51]. Quartz crystal microbalance (QCM)
investigations [51, 52] also give information on attachment kinetics; however, with
very little information on spreading [53]. OWLS was first used to measure protein
adsorption kinetics. Later it was shown that the non-invasive and on-line measure-
ments possible with OWLS are also attractive for applications with cells [54].
In particular, the adhesion and spreading of cells such as fibroblast strains was
investigated, and have demonstrated the possibility of OWLS as a complete cell sensor
by looking at cell adhesion and morphology changes of fibroblasts [55], Fig. 10.3.

Fig. 10.3 Schematic illustration of the adsorption of proteins and cells on the waveguide [80]
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Application of OWLS in Stem Cell Researches

One of the main current problems in the stem cell field is to determine the kinetics
of differentiation, and how it is influenced by various environmental factors.
At present, optical microscopy is the main observational tool in use. Although it is
easy to implement experimentally, quantitative analysis of the results is rather
difficult, and some degree of subjectivity in the interpretation is almost inevitable.

The spreading of a living cell in contact with the surface of a substratum is one
of the fundamental responses of the cell to such contact [56]. There are myriads of
cell types and environments—including here both the nature of the substratum and
of the liquid medium bathing cell and substratum—and not all combinations
thereof lead to spreading (see e.g. [54]). Moreover, the actual temporal course of
the spreading, i.e., its kinetics, depends sensitively on cell type and environment
[50, 56, 63]. It follows that these kinetics should be a sensitive indicator thereof,
and, a fortiori, of differentiation, provided that an appropriately accurate way of
measuring them can be found. Optical (e.g. [56]) or electron (e.g. [57]) micros-
copies are really unsuitable for this purpose, not only because of the difficulty of
getting good time resolution (although modern techniques of digital photography
have to some extent overcome that difficulty), but also because the information
obtained is typically rather incomplete (for example, just a cross section, i.e., either
plan or elevation).

Sometimes, more complete information can be obtained, such as using techniques
of confocal microscopy, but these have the disadvantage of requiring the cell to be
fed with fluorescent dyes, thereby altering its physiology in usually unwanted ways.

Nevertheless, a suitably informative technique capable of high temporal
resolution has been developed, notably optical waveguide lightmode spectroscopy
(OWLS), which is based on perturbation of the evanescent field generated at the
surface of an optical waveguide by the presence of the cells [58]. The method
relies on the refractive index of material of the cell being different from that of the
medium bathing the cell. Since, the evanescent field decays exponentially from the
waveguide surface (the cell substratum) into the medium, the perturbation depends
on the number of cells per unit area, the refractive index of the cells and its
distribution within them, as well as the size and shape of the cells [58].

One of the main goals in current stem cell research is the controlled differen-
tiation of a pluripotent cell into a specific end form. This is typically achieved by
the addition of certain molecules to the ambient medium. Although some patterns
of differentiation are well-characterised empirically, the process as a whole
depends on complex internal regulatory machinery inside the cell, and is not well
understood. At present, the identity of a differentiated form has to be established
by laborious morphological and other ways of phenotypical characterisation
(including the expression pattern of selected genes) that may take days or even
weeks to be concluded. It would, therefore, be a great advantage if an in situ
technique were available with which the course of differentiation could be
followed as it took place. In this work, I show that high resolution OWLS can be
adapted to provide such a technique.
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Stem Cell-Substratum Interactions

Up until now cell biologists investigating the attachment and spreading of living
cells at solid–liquid interfaces, the quantification of which is a fundamental part of
studies of the biocompatibility of medical devices, for example, have had little
alternative but to use optical microscopy, but effective exploitation of this
technique (e.g. using a confocal arrangement) requires the cells to be fed on
relatively large quantities of toxic dye molecules, which to a greater or lesser
degree affect the physiology and hence behaviour of the cells. A non-imaging
alternative based on analysis of the perturbation of the evanescent field generated
at the surface of an optical waveguide has been developed more recently, but this
does not allow signals emanating from the cell to be separated from signals
emanating from proteins, for example, microexudate from the cell, deposited on
the waveguide. The significant advance reported in this work describes how a
deeper and more extensive analysis of the waveguide signals enables protein
deposition, and/or focal adhesions, to be measured separately from overall cell
shape changes. The method is immediately applicable to high-throughput
screening [59].

Modulation of the coupling of light into a waveguide via a grating is used to
investigate in the first section the attachment of human embryonal carcinoma stem
cells to three substrata, silica–titania (representative of artificial implants), poly-L-
lysine (a commonly used laboratory cell culture substrate) and mucin (the coating
of the mucosa), and in the second section the attachment at different seeding
number of cells. By analysing selected optical parameters of the cell-waveguide
system we distinguish the formation of filopodia, and the overall change in its
shape (spreading). Moreover, the kinetics of these processes with excellent time
resolution were obtained [59, 60].

Kinetics, Substrates Interactions (PLL, Mucin, Silica–Titania)

Within the (eucaryotic) cell, the nucleus, rich in nucleic acids, has a higher
refractive index than the cytoplasm; and spreading typically implies movement
of the nucleus nearer to the substratum, increasing the optical contrast between the
covered and uncovered zones. The micro-morphology of the cell-substratum
‘contact’, already referred to, will also affect the optical contrast sensed by
the exponentially decaying evanescent wave. Finally, the cell may secrete
macromolecules as part of its adaptive response to the substratum.

These diverse effects are taking place simultaneously and are prima facie
difficult to separate from one another. Here we show that by simultaneously
comparing the evolution of the incoupling peak width with the evolution of the
incoupling peak position (which depends on the propagation constant of the guided
lightmode) it is possible to separate microexudate secretion (which does not affect
incoupling peak width), filopodium formation, and cell body spreading, without
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perturbing the cell. Such observations are not possible with optical microscopy,
let alone with high time resolution.

This work was investigated three distinctively different cell substrata [61].
Silica–titania is representative of artificial implants (titanium is the most common
material used for prostheses and in the body is invariably oxidised; the salient
surface energetic features, most notably the Lewis acids/base parameters, of tita-
nium are almost the same as those of silicon [62], poly-L-lysine (a very commonly
used cell culture substrate in the laboratory) and mucin, found ubiquitously coating
the mucosae [18], of which it is the major macromolecular component; mucins
comprise a family of heavily glycosylated, high molecular weight glycoproteins
with carbohydrate side chains that make up some 50–80% of the molecule by
weight [63].

Figure 10.4 shows the microscope images of the cells on the three different
substrata. Even visually, it is very apparent that the cells have not spread on the
mucin (a), have significantly spread in a circularly symmetrical fashion on the PLL
(b), and have spread in an elongated (c) fashion on the Si(Ti)O2. The corre-
sponding kinetic data showing the evolution of the incoupling angle directly
related to the waveguide propagation constant, eq: (a = sin a ? kj/K) and the
incoupling peak width are shown in Fig. 10.5.

There are very striking differences between the cell responses to the three
substrata. From Fig. 10.4, it is clear that the cells spread well on PLL, less well on
Si(Ti)O2, and perhaps not at all on mucin; this merely confirms the visual
observations. Figure 10.4b, however, clearly implies that the cells do not spread at
all on mucin, and the small and slow increase in Da for the cells on mucin is likely
due to microexudate, i.e., the ECM molecules secreted by the cell in an attempt to
render an uncongenial substratum congenial. In fact, this is suggested by two facts:
(i) the absence of any change in incoupling peak width; and (ii) the absence of the
sigmoidal kinetics of increase of propagation constant, which appears invariably to
be associated with cell spreading (e.g. [64]), whereas protein deposition kinetics
usually give the hyperbolic behaviour seen here (e.g. [64–66]).

The evolution of Dw reaches a peak when 50% of the surface is covered by the
cells. That cells on PLL reach this peak much faster than on Si(Ti)O2 is not
surprising, given the more rapid evolution of Da. What is revealing is that the
value of Da at the moment when Dw reaches its peak is much greater for PLL than
for Si(Ti)O2. We propose that this indicates that in cell-substratum contact is
stronger (especially through more filopodia) for the former than for the latter. The
fact that the Dw peak height is much greater for the PLL also corroborates this
inference, for it implies that the optical contrast between the cell-covered and the
uncovered regions of the waveguide is greater.

It is intriguing that what might be considered to be a cell that has not fully
recovered from the storage in liquid nitrogen shows very different behaviour (see
Fig. 10.5). Firstly, the temporal evolution of Da is not sigmoidal, but hyperbolic.
Secondly, there is a distinct lag before Dw starts to increase. Assuming that the
initial increase of Da is due to protein secretion (which cannot cause Dw to
increase); note also the hyperbolic kinetics, characteristic of protein deposition,
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Fig. 10.4 Optical
micrographs of TERA2 stem
cells on a mucin, b PLL,
c Si(Ti)O2 after 120 min of
culture. Each main image is
850 lm wide; the insets are
170 lm wide
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e.g. [64], we estimate the amount of protein after 30 min to be about 1.6 ng/mm2.
From the rather low value of the Dw peak height, we also infer that the cell-
substratum contact is weaker than for cells that have undergone more passages.
This can be made quantitative: we propose that the value of Da at the instant when
Dw is at its peak is equated with the cell-substratum adhesivity (a composite
quantity indicating the strength of the cell-substratum contact), [59].

10.1.3 Application of Stem Cells and Nanotechnology

Stem cells have generated a great deal of interest as a source of cells for tissue
engineering or cell-based therapy. These include directing the differentiation of
stem cells (using controlled microenviroments or genetic engineering) to ensure
their safety and efficiency in vivo. We are getting close to the day [67] when stem
cells can be manipulated in culture to produce fully differentiated cells that can be
used to create and repair specific organs.

Currently, more than 74,000 patients in the United States are awaiting organ
transplantation, and only 21,000 people receive transplants annually [67], at this time

Fig. 10.5 Upper panel,
a incoupling angle, given as
the difference Da between the
actual value and the value
immediately prior to seeding
the waveguide with 5 9 104

TERA2.spl2 stem cells,
grown for at least 2 days with
at least one passage, in a total
volume of 550 lL on (from
top to bottom) PLL, Si(Ti)O2,
and mucin. Lower panel,
b incoupling peak width,
given as the difference Dw
between the actual value and
the value immediately prior
to seeding the waveguide
with the cells
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nanoengineering and biological limitations such as material biocompatibility,
synthetic scaffolds that support tissue growth by serving as the ECM associated and
immune system’s reaction to shed antigens by the transplanted cells are some of the
challenge that prevent these systems from widespread clinical applications. In tissue
engineering, biological and engineering principles are combined to produce cell-
based substitutes with or without the use of materials. A variety of studies support the
concept that nanotechnology application of instruments that can precisely control
stem cells, originally designed to generate and manipulate nanostructured materials,
to basic and applied studies of essential biological processes.

10.1.4 Evaluation of Toxicity of Nanomaterials with Stem Cells

There is a serious lack of information concerning the effect of nanoparticles on
human health and the environment, such widespread application of nanomaterials
may cause significant potentials for human exposure. Therefore, appropriate risk
assessment and management of nanomaterials should be performed to assess and
regulate these nanomaterials to protect human health and the environment [68].
These nanomaterials are unique because their physical behaviour when measuring
less than 100 nm changes from classical to becoming by quantum physics and are
small enough to penetrate even very small capillaries throughout the body by one
route but be widely disseminated to various organs and tissue [69]. Thus, they can
affect the physiology of any cell and the cell exposed to foreign particles initiate an
immunological response. Also, particles may have an effect on the cellular tran-
scription process and change at the molecular level.

This consideration is importance for the development of stem cells research,
where the effects of nanoparticles on their potential for self-renewal and differ-
entiation are largely unknown. Braydich–Stolle [30] by using mouse spermato-
gonial stem cell line as a model to assess nanotoxicity in the male germ line in
vitro demonstrated a concentration-dependent toxicity for all types of particles
tested, whereas the soluble salts had no significant effect. Silver nanoparticles were
the most toxic while molybdenum trioxide (MoO3) nanoparticles were less toxic.

Single wall carbon nano tubes (SWNTs) in suspension in the culture medium
were incorporated into the cell cytoplasm by macrophages and leukaemia cells
without affecting the cell population growth [70]. But it has been shown that CNT
substrates decreased keratinocyte [71], glial [72] and HEK293 cell survival
significantly [73] raising important concerns about the biocompatibility of the
nanomaterials.

Nanoparticles may also gain access to the body by ingestion or be generated
within joints as wear particles from the bearing surfaces of a prosthetic replace-
ment. The sites of deposition of these particles include the liver and spleen,
in which organ there may be general consequences of exposure, for instance the
stimulation of immune systems [69].
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Despite there is a large body of evidence about the effects of nanoparticles on
the living systems and specially cells from which they are constituted, these effects
are largely unknown and remain to be investigated about the biological conse-
quences of exposure to nanoparticles. In conclusion, nanoparticles represent a new
challenge to those involved with toxicology and biocompatibility and little is
known of the biological effects to nanoparticles and the increasing availability of
sophisticated methods of evaluating biological phenomena, including develop-
mental biology, drug discovery and molecular biology especially as it is applied in
immunology and genetics, present opportunities for unfolding knowledge in this
exciting and important area [69].

10.1.5 Microfluidic Technology and Cell Therapy

Microfluidic technology has shown promise in additional venues requiring a model
ECM, chemotactic gradient and cell–cell interactions [74], but there are limited
studies on stem cell research, cancer cell. This technology requires further
development before it can be applied to the quantitative assessment of molecular
and cellular level behaviour metastatic potential in a clinical setting. Here we
describe the initial work that led to the present research and demonstrate the
potential of the microfluidic technology (Fig. 10.6).

The microfluidic device contains two or three independent flow channels
separated by a 3-D gel scaffold as illustrated in Fig. 10.6. In microfluidic systems,
small volume of solvent, sample and reagents are moved through microchannels
embedded in a chip and miniaturised biological assays into these chips include
DNA sequencing, polymerase chain reaction, electrophoresis, DNA separation,
enzymatic assays, immunoassays, cell counting, cell sorting and cell culture [75].

Poly (dimethylsiloxane) (PDMS) elastomer is a specially well–suited material
for the fabrication of microfluidic devices for biological assays purposes since it is
inexpensive, flexible, optically transparent (and compatible with most of the
optical methods available for detection), impermeable, non–toxic to cells,
permeable to gases and easily bonded to other surfaces [76].

10.1.5.1 Cancer Cell (Aggregate A549, Human Lung Cancer Cell)
Interaction with an Endothelial (HUVEC) Cell Layer

Interactions between tumour (aggregate) cancer cells and an intact endothelial cell
layer have been observed in microfluidic system. While recognising that A549
(lung cancer cells) are known to Epithelial Mesenchymal Transition process
(EMT), they stimulate to migrate and interact with an endothelial cell layer in the
model system as shown in Fig. 10.7. The human lung cancer cell line (A549)
migrated through collagen gel toward the endothelial monolayer (GFP expressing
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Fig. 10.6 Three channel device capabilities include simultaneous 2-D and 3-D culture, excellent
imaging, multi-culture up to five different cell types, concentration gradients and flow [74]

Fig. 10.7 Human lung cancer (A549) aggregate cells migrate towards a hUVEC [human
umbilical cord blood cells, GFP (green)] layer in the 3-D gel model system. While cancer cells
(red) are dispersed to intravasate, here they provide a proof of illustrating the ability of the 3-D
system to initiate tumour-endothelial cell interaction. Each image is 1,500 lm wide
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HUVEC) making contact through a cellular extension. The system shows clear
potential to explore migration and intravasation of cancer cells (Fig. 10.7).

10.1.5.2 Drug Screening in 3D Microfluidic System

Many signalling pathway trigger Epithelial Mesenchymal Transition in carcino-
genesis. The signalling pathways include those triggered by different members of
the TGFb superfamily, EGF, HGF and many others [77]. Small-molecule
inhibitors directed against the pathways have been effective in pre-clinical and

Fig. 10.8 An example of huge number of drugs, which were inhibited dispersion of cancer cells
by transcriptional factors such as TGFb. Schematic of our drug cancer target to keep cell an
epithelial phenotype and does not allow them to go to the mesenchymal stage (top one).
A candidate of TGFb inhibitor that can inhibit the A549 at 500 nM (low panel) and the control
device is shown on the top panel. Each image is 1,500 lm wide
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clinical trials (Fig. 10.8). Although originally developed as inhibitors of cell
proliferation or angiogenesis, it is likely that these molecules interfere with
EMT [78].

10.1.6 Future Possibilities

Tissue engineering at the nanoscale level is leading to the development of viable
substitutes that can restore, maintain or improve the function of human tissue [79].
Regenerating tissue can be achieved by using biomaterials to convey signals to
surrounding tissues to recruit cells that promote inherent regeneration or by using
stem cells and a biomaterial scaffold to act as a framework for developing tissue.

Nanobiomaterials may serve as an important component to imparting novel
properties to the biomatrix for directing stem cell proliferation, differentiation,
functionalisation and transplantation.

Stem cells nanoengineering is beginning to help advance and labelling and
tracking systems to create significant advances in vivo monitoring of engineered
tissues. However, there will be some limitations to the nanomaterial since it is not
biodegradable. In order for nanotechnology applications to develop to their fullest
potential, it will be important for stem cell scientists and physicians and chemists
to participate and contribute to the scientific process alongside physical and
chemical science and engineering colleagues. While new uses of nanomaterials for
biomedical applications are being developed concerns about cytotoxicity may be
mitigated by chemical functionalisation.
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Chapter 11
Spermatogonial Stem Cells

Hossein Azizi, Sabine Conrad, Thomas Skutella
and Irma Virant-Klun

Abstract The process of spermatogenesis is initiated and maintained by a rare
population of single spermatogonial stem cells (SSCs). The SSCs are attached to
the basement membrane of the seminiferous tubules and are characterized by
typical morphological criteria. SSCs are the important starting point as part of a
robust stem cell system of the testis involved in spermatogenesis and reproduction.
The isolation and cultivation of human SSCs would significantly contribute to
the increasing knowledge of human germ and stem cell biology. Although still
a difficult task, the newly established enrichment and in vitro propagation of
spermatogonia that carry the male genome from generation to generation provides
an important step for future transplantation and restoration of fertility in the clinic.

11.1 Introduction

The strategy of the isolation and short-term cultivation of spermatogonia in our
hands is a prerequisite for the natural versatility of these adult stem cells. By our
group the separation of human spermatogonial stem/progenitor cells has been
achieved with magnetic-activated cell sorting (MACS), using the antibody to
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CD49f (integrin alpha-6), followed by matrix seletion (collagen non-binding,
laminin binding) to purify/enrich the spermatogonial stem cells (SSCs) from the
somatic cells of the human testis. The CD49f/matrix-selected SSCs are easily
distinguishable from other germ and somatic cells by cell size and morphological
criteria. We molecularly characterized these cells during short-term culture by
collecting them with the micromanipulation system and by performing germ cell
gene expression profiling with Fluidigm real-time PCR technology. It became
evident that the fingerprint of short-term cultured human SSCs (\2 weeks)
included the high expression of a number of germ cell markers and the missing or
low expression of somatic markers. Additionally, several other groups successfully
established in parallel similar techniques and improved approaches to enrich and
culture spermatogonia even for longer time periods, including the in vitro prop-
agation of human SSCs from frozen-thawed testicular biopsies of infertile men
for up to 15 weeks. Since it is now possible to isolate and efficiently culture
spermatogonia, there is major interest to understand the self-renewal and germ-
associated networks of human adult SSCs, which have not been identified so far.
This new knowledge would be important to better understand the molecular
mechanisms of fertility/infertility and testicular cancer manifestation.

In recent years, modern biomedicine in the field of male infertility treatment has
significantly progressed, and has become increasingly advanced. Despite, there is a
certain proportion of patients who still remain infertile, especially men with
non-obstructive azoospermia or with no testicular sperm available for in vitro
fertilization. This might be a natural condition, or a consequence of chemo- or
radiotherapy in young cancer patients. In certain groups of patients autotrans-
plantation of frozen-thawed spermatogonia to restore fertility seems to be a real-
istic approach. The most important might be cryopreservation of spermatogonia in
prepubertal boys with cancer for later autologous use and fertility restoration. This
could also be a method of choice in patients with difficult inflammation disease,
treated by non-steroidal anti-inflammatory or immunosuppressive drugs, which
may induce the reversible or irreversible infertility. Moreover, the results of
studies in humans and animal models show that it is possible to in vitro culture
cells expressing markers of pluripotent stem cells—germinal stem cells—from
spermatogonia, thus bringing a new possibility to in vitro culture sperm and treat
severe male infertility in the future. These new principles and methodologies
might lead to the achievement of a healthy baby to couples with severe male
infertility and save the life of men with testicular cancer one day.

11.2 Anatomical and Histological Basics on Mammalian Testis

The testes of mammals are paired organs, which are mainly responsible for the
production of spermatozoa and synthesis of steroids. The human testis is divided
into 400–500 lobes separated by septula, which are connected and encased by a
connective tissue capsule, the tunica albuginea. The lobuli constitute the
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parenchyma of the testis with 1–4 tubuli seminiferi in each lobe. In the testes of
humans and other mammals, the cellular architecture of spermatogenesis is situ-
ated inside the epithelium of the seminiferous tubules, coiled structures forming
hairpin loops that empty at both ends into the tubuli recti and rete testis. Each of
the convoluted tubuli is 30–70 cm long and has a diameter of approximately
150–200 lm. Spermatogenesis takes place uniformly over the inner surface of the
seminiferous epithelium. This epithelium is composed of different stages of germ
cells and supporting Sertoli cells, which are in contrast to the germ cells mitoti-
cally inactive in adults. Sertoli cells are believed to be the key players controlling
the germ cells. Sertoli cells build two separated environments inside the tubules
with tight junctions, which constitute the anatomical basis of the blood-testis
barrier. Thereby, the junctional complexes separate a basal and adluminal com-
partment of the epithelium. The basal is the stem cell compartment. The space
between the basement membrane and the tight junction is occupied by all stages of
the mitotically active spermatogenic cells. During the onset the meiotic prophase,
the germ cells translocate to the adluminal compartment across the tight junctions
of the Sertoli cells. This is subsequently followed by movement of the spermat-
ocytes toward the lumen. While the Sertoli cells occupy the complete epithelium,
the ordering of the germ cells in the epithelium is stratified. On the outer side the
seminiferous tubules are enveloped by a limiting membrane, which is composed of
contractile peritubular myoid cells interposed between connective tissue layers of
collagen and elastic fibers. The intervening interstitial space (12% of testis vol-
ume) between the tubules is occupied by connective tissue, immune cells, blood
vessels, and groups of testosterone producing Leydig cells. Yoshida et al. [1]
elegantly demonstrated a vascular and interstitial tissue-associated niche for
undifferentiated spermatogonia in the mouse.

11.3 Spermatogonial Stem Cells

The process of spermatogenesis is initiated and maintained by a rare population of
single SSCs. In the adult testis of rodents these cells have been estimated to
comprise only approximately 0.02–0.03% of the total number of germ cells [2].
SSCs are attached to the basement membrane of the seminiferous tubules and are
characterized by morphological criteria, such as basal localization, missing
intercellular connections to other spermatogonia, clear cytoplasm, and high
nucleus-to-cytoplasm ratio. The nucleus of the stem cells contains a mottled
appearance with dark speckles of heterochromatin, moderately dense hetero-
chromatin, and rarefied areas [3].

According to a well-established general scheme of spermatogonial self-renewal
in rodents, A-single (As) spermatogonia are the separated unique stem cells of
spermatogenesis, which have the capacity to divide into new As stem cells or
into differentiated A-paired (Apr) spermatogonia that remain interconnected by
an intercellular bridge. The Apr spermatogonia themselves divide into chains of
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A-aligned (Aal) spermatogonia that can divide further into chains of cells. The Aal

form A1 to A4 spermatogonia and then intermediate and type B spermatogonia and
the primary spermatocytes [4]. Human SSCs have been first identified by Clemont
[5], who suggested that both types of A spermatogonia, dark and pale were stem
cells. According to this model the dark spermatogonia were the presumptive
reserve cells, while the pale spermatogonia will continuously recycle and will give
rise to type B spermatogonia, which further differentiate to spermatocytes.

In humans the process of spermatogenesis is completed and developed from
few self-renewing single SSCs quite late at puberty, at about 10–13 years after
birth. The first type B spermatogonia and subsequent more differentiated germ cell
stages are first visible much earlier, from 4 to 5 years onwards [6]. The production
of haploid spermatozoa is a complex cell differentiation process that involves
supporting cells, myoid cells, Sertoli and Leydig cells, and blood vessels in close
proximity to the tubules. The myoid cells are localized directly under the basement
membrane and are among the candidate niche somatic cells and produce colony-
stimulating factor (CSF1) [7, 8]. Csf1 is not only expressed in the peritubular
myoid cells, but also in interstitial cells and increases the stem cell activity of the
SSCs that are maintained in culture in the presence of glial-derived nerve growth
factor (GDNF) [8]. It has been observed that Csf1 does not directly influence the
growth rate of SSCs but enhances the colony-forming activity of these cells. The
endocrine Leydig cells are located outside the tubules and produce steroid hor-
mones (testosterone), which in conjunction with hypothalamic FSH regulate the
Sertoli cells in the germinal epithelium of the testicular tubules [9, 10]. The GDNF
and SCF (stem cell factor) producing Sertoli cells are the supporting cells inside
the testicular tubules, which accompany germ cells during spermatogenesis in a
synthytium-like form. The Sertoli cells are themselves connected with junctional
complexes (‘‘blood-testis barrier’’) constructing the basal ‘‘GDNF’’ stem cell
compartment and separating the SSCs from the apical ‘‘SCF’’ compartment of
terminal differentiating cells. A key regulator of the SSC niche is GDNF, which
acts through Ret receptor tyrosine kinase and GFRa1 co-receptor, which forms a
receptor complex on the surface of As, Apr, and Aal [11]. The downstream sig-
naling pathways activated by GDNF in SSCs are the PI3 K/Akt pathway, members
of the Src kinase family, and the Ras/Erk1/2 pathway [12–14].

SSCs are surrounded on their lateral and apical surface with the cell membranes
of Sertoli cells and only the basal cell surface oriented toward the basement
membrane is not covered by them. Recently, blood vessels have been discussed as
being part of the stem cell niche [15].

During in vitro SSC culturing potential effects of a number of soluble factors
have been described. A potential role for basic fibroblast growth factor (bFGF) has
been postulated [16, 17]. Important questions to be answered are how to identify
the composition of the key regulators of SSC function and how all the secreted and
non-secreted factors involved in the niche function could be used to optimize
human SSC short-term and long-term culturing. This would also involve a detailed
understanding of the downstream events that affect the intracellular machinery to
control the stem cell status of SSCs and to hinder differentiation.
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11.4 Isolation of SSCs

While it is not really necessary to use cell sorting techniques when generating SSC
cultures with neonatal mice, in older mice useful protocols for the isolation of the
few SSCs from the mass of testis cells have been established [18, 19]. These
include fluorescence-activated cell sorting (FACS), magnetic-activated cell sorting
(MACS), matrix selection or morphology-based selection. For sorting cell surface
markers for positive selection CD49f, CD29, GPR125, CD9, CD90 (Thy1), GFR-
a1, and for negative selection CD117 (c-kit) can be used [20–27]. Furthermore, in
a very elegant way reporter mice are available, in which a GFP construct is under
control of the promoter of germ cell-enriched genes such as STRA8, GPR125, or
OCT4 (see Fig. 11.1) [18, 19, 28]. The GFP-positive SSCs can then be FACS-
sorted and cultured. When mimicking parts of the molecular environment of the
SSC niche, the enriched cells can be long-term cultured without loss of their
properties in the presence of growth factors and hormones [17]. The cells retain
their diploid karyotype and are characterized by the expression of germ cell-
specific markers and a complete androgenic imprinting pattern [29]. In an
important functional assay, after transplantation of the cultured cells into the
seminiferous tubules of infertile recipient mice, spermatogenesis can be re-initi-
ated [20, 21, 30, 31].

Fig. 11.1 a Normal adult mouse testes; b expression of Oct4 in the seminiferous tubule from
Oct4 promoter GFP mice; c mSSC colonies cultured on CF1 feeder cells; d expression of VASA
in the mouse seminiferous tubule; e expression of DAZL in the mouse seminiferous tubule;
f electron microscopy of mouse SSCs in culture
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11.5 Culturing of SSCs

SSCs are the important starting point as part of a robust stem cell system of the
testis, involved in spermatogenesis and reproduction. In mice SSC cultures are
usually established from pup testes (5–12 days postpartum), because SSCs are
enriched at this stage of development, but these cultures can also be generated
from neonate [17] or adult mouse testis cells [32]. Cultures from neonatal animals
are not directly derived from SSCs but from gonoytes, the founder cells of SSCs
(for detailed review on gonocytes see Culty 2009) [33]. In postnatal mice,
gonocytes are the only germ cell type in the tubules and are located up to the
center of the germinal epithelium. Within about 5 days after birth gonocytes
migrate to the seminiferous tubule basement membrane to become the first NGN3-
positive SSCs, which also retain the expression of OCT4, PLZF, and RET [15].
These NGN3–positive SSCs contribute to the leading edge of pubertal sper-
matogenesis, which gives rise to the first spermatozoa that are released into the
lumen of the testicular tubules around postnatal day 35, five weeks after birth [34].
In our experience mouse SSC cultures are easily obtained from postnatal animals
[5 days postpartum and show all characteristic of spermatogonia (see Figs. 11.1,
11.2, 11.3, 11.4). The propagation of SSC cultures from late pubertal animals
(4–6 weeks of age) is more difficult and time consuming [18]. Ko et al. [28]
derived the adult SCC culture from pubertal mice 35 days postpartum. Only
Seandel [19] used older mice. Up to now, no real adult mouse SSC cell culture
research projects have been published, which would only most remotely fulfill the
criteria of culturing human cells from adult patients. To provide a real picture for
human SCC research it might be important to derive and culture SSCs from adult
animals systematically with increasing age. For the culture of rodent SSCs, GDNF
is essential to maintain and expand the cells [16, 17, 35]. The proliferative effect of
GDNF in both mice and rats can be supported and enhanced by the addition
of soluble GFRa1 (the receptor for GDNF) and FGF2 to the SSC culture medium
[16, 36]. The substitution of leukemia inhibitory factor (LIF) and fetal bovine
serum (FBS) to SSC cultures is unnecessary and even detrimental [16]. Normally
SIM mouse embryo-derived thioguanine and ouabain resistant (STO) feeder or
mouse embryonic fibroblast (MEF) feeder cells are usually used by different
groups [16, 37]. Shinohara et al. [38] demonstrated that mouse SSCs can also be
cultured and maintained in feeder-free conditions.

11.6 Culturing of Human SSCs

The isolation and cultivation of human SSCs would significantly contribute to the
increasing knowledge of human germ and stem cell biology. Although a difficult
task, the newly established enrichment and in vitro culture of spermatogonia
provided an important step for future transplantation and restoration of fertility in
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the clinic (reviewed by Hwang and Lamb [39]). Sadri-Ardekani et al. [40] have
provided first evidence for a potential clinical application by the in vitro propa-
gation of human prepubertal and adult SSCs. Furthermore, understanding the
molecular mechanisms of germ stem cells in relation to germ cell tumor devel-
opment is of massive clinical importance [41].

Fig. 11.2 Expression of germ cell marker by mouse SSCs; a DAZL, b VASA; c PLZF, d GFRa1
and of pluripotency markers in cultured SSCs; e Oct-4 and f KLF
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The strategy of the isolation and short-term cultivation of spermatogonia in our
hands is a prerequisite for the natural reprogramming of these adult stem cells [42].
By our group, the separation of human spermatogonial stem/progenitor cells has
been achieved with MACS, using the antibody to CD49f (integrin alpha-6), fol-
lowed by matrix seletion (collagen non-binding, laminin binding) to purify/enrich
the SSCs from the somatic cells of the human adult testis. The CD49f/matrix-
selected spermatogonia stem cells are easily distinguishable from other germ and
somatic cells by cell size and morphological criteria. SSCs are single round cells
with a diameter of 6–12 lm and a high nucleus/cytoplasm ratio.

We molecularly characterized these cells during short-term culture (\2 weeks)
by collecting them with the micromanipulation system and by performing germ cell
gene expression profiling with Fluidigm real-time PCR technology. This multiplex
nanofluid PCR technology allows the simultaneous quantification of multiple germ
cell and somatic markers in parallel. From Fig. 11.3 it is evident that the fingerprint
of short-term cultured human SSCs included the high expression of a number of germ
cell markers (DAZL, UTF1, PLZF, VASA, STELLA, LIN28B, GFRA1, NANOS)
and the missing or low expression of somatic markers (COL1A1, COL1A2,
FIBRONECTIN, VIMENTIN, KIT, KITLIG).

Fig. 11.3 Left Expression of germ- and somatic-specific genes in human SSCs and testicular
fibroblasts. Right Heatmap clustering. Scatter plot: red-upregulated, green-downregulated genes

Fig. 11.4 a Hematoxylin-Eosin (HE) staining of the normal seminiferous tubules in mice; b HE
staining of the busulfan-treated seminiferous tubules in mice; c transplanted VASA-positive SSCs
in the busulfan-treated seminiferous tubule of mouse
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In the last years several groups successfully established in parallel similar
techniques and improved approaches to enrich and culture spermatogonia even for
longer time periods [43–46]. Sadri-Ardekani et al. [43] established the in vitro
propagation of human SSCs from frozen-thawed testicular biopsies (100–200 mg
tissue pieces) for up to 15 weeks. The cultured cells proliferated, revealed char-
acteristics of germ cells, and repopulated testicular tubules of mice after trans-
plantation. In 2011, this group described the propagation of PLZF, ITGA6,
ITGB1-positive germ cell clusters from adult spermatogonia for up to 28 weeks.
According to this study long-term cultured SSCs repopulated testicular tubules of
bulsulfan-treated mouse. Also Chen et al. [44] established large-scale human
spermatogonia cultures supported by human embryonic stem cell-derived fibro-
blast-like cells for at least 2 months. These cells retained high levels of alkaline
phosphatase activity and were positively stained for antistage-specific embryonic
antigen SSEA-1, POU5F1, and CD49f and also expressed the genes POU5F1
(OCT4), SOX3, and STRA8. In parallel, He et al. [45] isolated human SSCs by
MACS with GPR125 antibody. These cells co-expressed CD49f, CD90 (thy-1),
and the GDNF receptor GFRA1 and were cultured for 2 weeks in a proliferative
undifferentiated state. Furthermore, Lim et al. [46] improved the efficiency of
isolation and optimized the proliferative potential of human SSCs. After cell
sorting using collagen in combination with MACS with CD9 antibody and a
simple long-term proliferation system large numbers of high-purity SSCs prolif-
erated. These authors reported that the cells, which were positive for SSC-specific
markers GFRa-1 and CD49f proliferated and maintained their characteristics for
more than 12 passages ([6 months) in vitro. Lim et al. [46] also provided some
evidence for in vitro spermatogenesis by differentiating long-term cultured SSCs
by the calcium alginate encapsulation method for 2 weeks. Meiotic or haploid
germ cells were analyzed by SCP3 immunostaining and flow cytometry. Lim et al.
found meiotic and haploid germ cells in the in vitro-differentiated group. Fur-
thermore, acrosome granules of putative round spermatids with diameters of
7–10 lm provided positive signals after intra-acrosomal protein and TRITC-
peanut agglutinin staining. Izadyar et al. [47] reported the MACS isolation and
enrichment of SSEA-4+ cells from human testis biopsies. These cells had a SSEA-
4+, CD49f+, GPR125+, and c-kit-phenotype and the short-term cultured cells
repopulated tubules of busulphan-treated mouse testis. Recently, Mirzapour et al.
[48] successfully co-cultured isolated human SSCs on Sertoli cells. Cultured cells
were obtained from patients with maturation arrest of spermatogenesis. The largest
number of colonies was observed in SSCs co-cultured with Sertoli cells and the
largest clusters by the addition of bFGF and LIF to the culture medium. The
isolated SSCs were positive for spermatogonial cell markers, such as OCT4,
STRA8, PIWIL2, and VASA, but negative for NANOG. Also here, the trans-
plantation technique indicated that hSSCs have good efficiency for colonization of
mouse seminiferous tubules after proliferation in the culture system.

Since it is now possible to isolate and efficiently culture spermatogonia [42, 43,
45–48], there is major interest to understand the self-renewal and germ-associated
networks of human adult SSCs, which have not been identified so far.
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At present, the functional characterization of human SSCs is still limited. While it
is possible to functionally differentiate mouse spermatogonia in vivo in a well-
established transplantation model [20, 21, 30, 31], this approach is still not suitable
for human cells. We could also provide some evidence for the presence of human
SSCs after short-term culture by using xenotransplantation to seminiferous tubules
of busulphan-treated mice (unpublished data). Although migration and colonization
of SSCs to the basement membrane of the seminiferous tubule could be observed, this
human-mouse xenotransplantation model does not provide any evidence and
therefore is not a functional assay to prove the presence of SSCs in a testicular cell
population. In contrast to the transplantation with mouse SSCs, after the colonization
of mouse seminiferous tubules with human SSCs no spermatogenesis has been
observed by us and other groups in this model system [40, 48]. An alternative
approach for the functional characterization of human SSCs might be the organo-
typic slice culture with human testis slices, as previously experienced in the mouse
testis model [49]. In addition, SSCs have recently been shown to reprogram spon-
taneously to pluripotent embryonic stem (ES)-like cells that can differentiate into a
number of cell lineages comprising the three embryonic germ layers [42, 46, 50, 51].

Up to now our knowledge regarding the molecular mechanisms that define human
SSCs is significantly limited. The rarity of testicular tissue available for a research
purpose (e.g., donated by organ donors), the relatively low number of adult stem cells
in the testis, the unspecificity of unique surface markers, and the absence of a robust
proliferative culture system to support their self-renewal have prevented so far the
efficient isolation and culture of SSCs with high purity for further study.

11.7 Severe Male Infertility and Stem Cells

In recent years, modern biomedicine in the field of male infertility treatment has sig-
nificantly progressed, and has become increasingly advanced. Despite, there is a certain
proportion of patients who still remain infertile, especially men with non-obstructive
azoospermia or with no testicular sperm available for in vitro fertilization. This might be
a natural condition, or a consequence of chemo- or radiotherapy in young cancer
patients. In all these patients diagnostic biopsy is performed and no sperm can be found
in their testicular tissue due to severe infertility (e.g., Sertoli cell-only syndrome, mat-
uration arrest). At present, the infertility of these patients can be treated only by in vitro
fertilization of female partner’s oocytes by donated sperm. Therefore, there are several
studies trying to help these patients, and enable them to get their own child in the future.

11.8 Spermatogonia and Infertility

A better understanding of biological mechanisms involved in the differentiation
of spermatogonia into male gametes—sperm—would enable new approaches to
the treatment of male infertility in the future. It is known that interphase
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prespermatogonial stem cells, present in the immature testes of prepubertal boys
are reactivated during puberty and enter into the process of intense mitotic divi-
sions in adult testicles, in the basal compartment of seminiferous tubules. They
represent (pre)spermatogonial stem cells, which are unipotent and can differentiate
only into sperm in natural conditions. The mechanisms which sustain (pre)sper-
matogonial stem cells in the non-differentiated state or trigger the formation of
tumor or further differentiation to sperm are still poorly understood. It seems that
Sertoli cells have an important role through their epigenome-chromatin modifier
Swi-independent3a (Sin3a). When Sin3a of Sertoli cells is destroyed in the fetal
testicles, mature animals show progressive loss of differentiating spermatogonia,
maturation arrest of spermatids, and intense degeneration of germ cells, as shown
in the animal model [52]. Moreover, Sertoli cells may attract spermatogonia by
releasing the specific substances—chemokines—and sustain them at the non-
differentiated state. The release of Sertoli cell chemokines seems to be regulated
by the expression of gene Etv 5, as evidenced in the mouse model [53]. It becomes
more and more evident that genes PLZF, STAT 3, and some other genes may play
an important role in differentiation of SSCs [54]. Any abnormality in these
important mechanisms may lead to the lack of sperm production, and to male
infertility.

11.9 Transplantation of Spermatogonia in the Animal Model

The complex procedure of spermatogonia transplantation includes the removal of
spermatogonia from the testis of donor and their transfer into the testis of the
recipient, where they enter into the process of spermatogenesis and develop into
sperm. Most studies performed until now have been performed in the animal
model, e.g., mouse or rat. The procedure of spermatogonia transplantation has
been pioneering by the group of Dr. Ralph Brinster and includes microinjection of
the suspension of different types of testicular cells from the donor testis into the
recipient testis, through the capsule into the rete testis [31]. Microinjection can
be performed manually or by the micromanipulation system. Regardless of the
position of transplantation, the success of the transplantation procedure depends on
the retrograde flow of testicular cell suspension from the rete testis into the
seminiferous tubules.

Before the microinjection, donated testicular cells are enzymatically treated and
the resulting suspension of separated cells includes spermatogonia. The concen-
tration of approximately 5 9 107 testicular cells per milliliter of suspension is
needed to fill from 30 to 100% of testicular tubules in the recipient testicle. The
presence of spermatogonia in the recipient testicular tubules is estimated by trypan
blue staining. In the recipient testes of experimental animals the natural sper-
matogenesis and the presence of sperm must be avoided, therefore the infertile,
genetically modified animals are usually used, or infertility is induced by the
cytotoxic agent busulfan. After microinjection, the transplanted spermatogonia
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need several months to settle in the recipient testis. After that, the histological
evaluation of the recipient testis is performed to confirm the presence of de novo
formed germ cells using immunohistochemical staining on beta galactosidase.
Sperm developed de novo can be checked and aspirated from the epididymis, and
used for in vitro fertilization in the animal model. In general, only small propor-
tions of spermatogonia survive, go through the process of meiosis, and develop to
sperm after transplantation.

11.10 Transplantation of Human Spermatogonia
into the Mouse Testicles

There have been several unsuccessful attempts of human spermatogonia trans-
plantation into the mouse testicles. However, in 2010 a relatively successful
transplantation of human testicular tissue into the mouse testes was published [55].
A small piece of testicular tissue of a 3-month-old boy with testicular cancer was
transplanted into the testes of immunodefficient (SCID) mouse without sper-
matogenesis and sperm to preserve the boy’s spermatogonia. At the time of
transplantation only type A spermatogonia were present in the boy’s testicular
tissue. One year after transplantation spermatogonia of type B and spermatids were
also found present in the transplanted testicular tissue. Spermatocytes in the
testicular tissue underwent the process of meiosis, as revealed by positive
immunocytostaining on the expression of the genes BOULE in CDC25A.
Ultrastructural and immunohistochemical analyses also revealed the maturation of
Sertoli and Leydig cells in the transplanted testicular tissue. The maturation status
of the transplanted piece of boy’s testicular tissue was better than in the in vivo
condition. The authors concluded that this type of methodology could be used in
the treatment of male infertility as well.

Izadyar et al. purified spermatogonia from the biopsies of infertile men with
obstructive azoospermia, and transplanted them into the busulfan-treated mouse
testes [47]. Extensive colonization of human cells in the mouse testes indicated
the presence of highly enriched populations of SSCs in the SSEA-4 (+) sorted cells. The
subpopulations of human spermatogonia that colonized mouse testes were positively
stained for CD49f, GPR-125, Nanog, and Oct4 indicating the existence of a population
of cells among human spermatogonia expressing pluripotent characteristics.

Mitchell et al. have proposed that xenografting of human fetal testicular tissue
into the mouse testicles might be a new possible approach to study the fetal testis
development and germ cell differentiation, and its susceptibility to disruption by
exogenous factors, e.g., environmental pollutants [56]. They xenografted testicular
tissue of 10 human fetuses at 9–18 weeks of gestation into the testicles of nude
mice for 6 weeks. Human fetal testicular tissue xenografts demonstrated a normal
structure, function, and development after xenografting, including normal germ
cell differentiation.
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These kinds of studies bring new scientific solutions on the one hand and open
certain ethical questions and dilemmas, which still need to be resolved, on the other.

11.11 Potential Clinical Use of Spermatogonia
Transplantation in Human Medicine

In spite of many studies, it is still not clear, whether transplantation of human
spermatogonia will really be an important method for fertility preservation in
the future. It is becoming more evident, however, that it would be possible to
regulate male fertility by transplantation of spermatogonia. Theoretically, it would
be possible to restore male infertility by transplantation of donated spermatogonia
or by transplantation of own spermatogonia into the recipient testicle. This might
bring a problem of histoincompatibility, because spermatogonia would be released
from the protective barrier of Sertoli cells and the recipient’s body might reject
them. Nowroozi et al. have found that nice cell cultures of spermatogonia can be
established by testicular biopsies of infertile men with maturation arrest at the
premeiotic spermatogonia stage, regardless of their demographic and clinical
parameters [57]. However, in certain groups of patients autotransplantation of
spermatogonia to restore fertility seems to be a more realistic approach.

The most important is cryopreservation of spermatogonia in prepubertal boys
with cancer for later autologous use and fertility restoration [58]. Although chemo-
and radiotherapy are successful methods of cancer treatment, they might impair the
spermatogenesis and result in azoospermia. During oncotherapy spermatogonia
can be damaged, resulting in the lack of sperm production and infertility.
Cryopreservation of spermatogonia before the treatment may provide the possibility
of autotransplantation of non-damaged spermatogonia and fertility restoration.
Ginsberg et al. from the Division of Oncology, Department of Pediatrics, The
Children’s Hospital of Philadelphia, Pennsylvania, USA, have already reported
the cryopreservation of testicular tissue before chemo- or radiotherapy in 16
prepubertal cancer patients, aged from 3 months to 14 years [59]. In these young
boys the testicular tissue was cryopreserved for a long-term storage and potential
autologous use to restore their fertility in the future. The authors have found that
testicular biopsy in these young cancer patients was a completely safe procedure and
had no negative consequences. Hermann et al. have found that spermatogonia can be
successfully separated from the contaminating malignant cells by fluorescence-
activated cell sorting prior to spermatogonial stem cell transplantation, and that post-
sorting purity checks are required to confirm elimination of malignant cells [60].

The cryopreservation of spermatogonia for later autotransplantation to restore the
fertility could be a method of choice also in patients with difficult inflammation disease
(e.g., rheumatic disease), treated by non-steroidal anti-inflammatory or immunosup-
pressive drugs [61]. These drugs may induce the reversible infertility, but alkylating
agents may also induce irreversible infertility. In these patients, the fertility could be
preserved by autotransplantation of their spermatogonia, frozen before the treatment.
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11.12 Difficulties Related to Transplantation
of Spermatogonia in Humans

It has already become possible to establish long-term (up to 15 weeks) cell cul-
tures of human spermatogonia, as revealed in men who underwent orchiectomy as
part of the prostate cancer treatment [40]. But, the cryopreservation of sperma-
togonia still seems to be a problem. Spermatogonia are very sensitive cells. The
slow, step-wise freezing procedure by using a cryoprotectant dimethyl sulfoxide is
a suboptimal procedure in the animal model. Spermatogonia survive the freeze-
thawing procedure and they proliferate when transplanted into the recipient
testicle, but only a low proportion of them undergo the process of meiosis and
differentiate into sperm. However, it has been reported that it is possible to
establish long-term cell cultures by frozen-thawed spermatogonia, persisting
in vitro for over 14 months and 65 passages [62]. These spermatogonia were
successfully transplanted into the testicles of mice, previously sterilized by
busulfan. In these mice, transplanted spermatogonia normally matured and they
had a normal offspring after mating [62]. Some authors propose the cryopreser-
vation and transplantation of pieces of testicular tissue rather than spermatogonia,
because the cryopreservation procedure is more successful in testicular tissue than
in spermatogonia [63]. Curaba et al. found that also vitrification of testicular tissue
is a suitible method of choice to preserve spermatogonia [64].

Using whole genome approach, highly significant differences in gene expres-
sion levels were correlated with the appearance of spermatogonia, including 239
best candidates of human spermatogonia [65]. The authors concluded that these
biomarkers, especially the surface markers FGFR3 and DSG2, may facilitate the
isolation and enrichment of human stem and/or progenitor spermatogonia, and
therefore provide efficient studies of long-term maintenance of human spermato-
gonia, spermatogonial self-renewal, clonal expansion, and differentiation.

Most studies of spermatogonia transplantation have been performed in animal
models, especially rodents. However, the structure of the human testicle is much
more complex than that of rodents. The human testicle consists of hundreds of
seminiferous tubules, therefore the transplantation of spermatogonia into the
human testicles has not yet reached the phase to be clinically used. In spite of
anatomical limitations of human testicle due to its complex structure, only a small
number of mature sperm would be needed to treat infertility. The method of
intracytoplasmic sperm injection (ICSI), one of in vitro fertilization procedures,
requires the microinjection of only one sperm into a female partner’s oocyte;
fertilization and pregnancy are therefore possible even at a very low number of
sperm in the male partner.

Since spermatogonial stem cell transplantation and testicular tissue grafting
may have important clinical implications, the safety of these promising techniques
has still to be proven. Goossens et al. have found that the expression levels of
genes DNMT1 and DNMT3A, the DNA methylation status, and most of the stage-
specific histone modifications after spermatogonial stem cell transplantation and
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testicular tissue grafting are not different from those in fertile adult controls [66].
However, after spermatogonial stem cell transplantation the stage-dependent
expression of H4K5ac and H4K8ac was altered in elongated spermatids. The
authors have concluded that intratesticular tissue grafting might be the better
choice for fertility restoration, because disruption of the stem cell niche might
influence the epigenetic patterns of germ cells. Since the function of H4K5ac and
H4K8ac in spermatogonia and spermatocytes is still to be elucidated, in-depth
epigenetic analyses are proposed to test the safety of the procedure.

11.13 Pluripotent Stem Cells in Adult Mammalian Testicles

In the mature testicles, spermatogonia are unipotent stem cells, which are able to
develop only in one type of cells—sperm—in natural conditions. The researchers
have already successfully established long-persisting cell populations of spermato-
gonia in patients with obstructive or non-obstructive azoospermia in the programme
of assisted reproduction [46].

The results of studies in humans [42, 67] and in the animal model [68, 69] show
that it is possible to culture in vitro cells expressing markers of pluripotent stem
cells—germinal stem cells—from spermatogonia (Fig. 11.5a). In appropriate culture
conditions spermatogonia might dedifferentiate in the process of reprogramming.
Germinal stem cells express different markers of pluripotent stem cells and are able to
differentiate in vitro into cells of all three germ layers (endoderm, mesoderm, and
ectoderm) and to form teratoma in vivo after injection into SCID mice. Additionally,
in these cells a similar global gene expression profile can be confirmed than in
embryonic stem cells. Moreover, recently there has been some new evidence [70] that
in the adult human testicles there are present small putative stem cells (Fig. 11.5b)
comparable to very small embyonic-like stem cells (VSELs), found in other
tissues and organs, such as ovaries [71, 72], bone marrow, and umbilical cord [73].

Fig. 11.5 Human testicular stem cell culture. a four spermatogonia; b very small embryonic-like
stem cells in adult testicular tissue. Scale Bar: a,b = 10 lm
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These small cells expressed some markers of pluripotency and are proposed to
persist in the adult human tissues and organs from the embryonic period of life
[73]. Because expressing markers of pluripotency, both types of testicular stem
cells theoretically might be in vitro differentiated to the sperm.

11.14 Spermatogenesis In Vitro

In spite of the complexity and relatively scarce knowledge of the subject, mouse
embryonic stem cells have already been successfully differentiated into the func-
tional sperm. Nayernia et al. have successfully differentiated mouse embryonic stem
cells into sperm and fertilized mouse oocytes with them using the method of ICSI
[74]. The embryos developed after ICSI were transferred into the oviducts of female
mouse, resulting in the birth of healthy offspring. Based on the experience with
mouse embryonic stem cells, Nolte et al. have differentiated mouse germinal stem
cells retrieved from spermatogonia in a Stra8-EGFP transgene mouse into haploid
sperm by double cell selection and addition of retinoic acid to the culture medium
[75]. ICSI-derived embryos were transferred into the oviducts of the female mouse,
resulting in the birth of healthy offspring. Based on the experience with mouse
embryonic stem cells, Nolte et al. have differentiated mouse germinal stem cells
retrieved from spermatogonia in a Stra8-EGFP transgene mouse into haploid sperm
by double cell selection and addition of retinoic acid to the culture medium [76].
They found that approximately 5% of human iPSCs differentiated to primordial germ
cells (PGCs) following induction with bone morphogenetic proteins. Surprisingly,
human iPSCs formed meiotic cells with extensive synaptonemal complexes and also
post-meiotic haploid germ cells with a similar pattern of ACROSIN staining as
usually observed in the human spermatids. Human testicular stem cells have not been
differentiated to sperm up-to-date.

11.15 Conclusions

The creation of new knowledge on the subject of spermatogonia, stem cells, and
spermatogenesis in vitro provides new insights into the physiology of adult human
testicles, the mechanisms involved in male fertility/infertility, and the manifestation of
testicular cancer. In spite of the rapid development of new biotechnological principles
and methods, a potential introduction of these new approaches into the reproductive
medicine still seems to be distant. The main scientific tasks for the present are to further
explore SSCs and very small embryonic-like stem cells in the adult human testicle and
to gain additional knowledge about the real genetic/epigenetic status of the in vitro
cultured stem cells and sperm produced in vitro. In the future, these new principles and
methodologies might lead to the achievement of a healthy baby to couples with severe
male infertility and save the life to men with testicular cancer.
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Chapter 12
Cellular Reprogramming and Fate
Conversion

Masaki Ieda

Abstract Cellular reprogramming and fate conversion have long been recognized
in somatic nuclear transfer and cell fusion experiments. The potency of specific
transcription factors as cell fate determinants was first demonstrated by the
discovery of MyoD, a master gene for skeletal muscle differentiation, and by
the subsequent identification of several genes as lineage-converting factors within
the blood cell lineage. These pioneer works led to the landmark study by
Dr. Yamanaka and colleagues in 2006 that is reprogramming of somatic cells into
a pluripotent state by transduction of the four stem cell-specific transcription
factors, Oct4, Sox2, Klf4, and c-Myc. This study fundamentally altered the
approach to regenerative medicine and also inspired a broad strategy to generate
desired cell types by introducing combinations of lineage-specific transcription
factors. In fact, it has been demonstrated that a diverse range of cell types, such as
pancreatic b cells, neurons, cardiomyocytes, and hepatocytes, could be directly
induced from heterologous cells by combinations of lineage-specific reprogram-
ming factors. This chapter reviews the pioneer and recent works of cellular
reprogramming and fate conversion, and also discusses the future perspective and
challenges of using this technology in regenerative medicine.
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12.1 Introduction

Developmental biologists have long recognized that differentiated cells maintain
their state for years and rarely switch to a new differentiation state. Indeed, once
cells reach a stable position by a progressive or sequential differentiation from the
pluripotent state, some become terminally differentiated and undergo no further
cell division [1, 2]. However, experiments performed several decades ago showed
that dormant gene expression programs could be induced in differentiated cells by
cell fusion or nuclear transfer to produce a different cell type [3–6]. Moreover,
lineage conversions have been accomplished simply through the introduction of
defined transcription factors [7–13]. While cell type conversion phenomena are
scientifically intriguing, the usefulness of this technology for regenerative
medicine remained largely neglected until the generation of induced pluripotent
stem cells (iPSCs) in mouse by Takahashi and Yamanaka in 2006 and in human in
2007 [14–16].

Pluripotent reprogramming of cells by defined factors has revolutionized the
field of regenerative medicine, with projected applications in cell therapy, disease
modeling, and personalized medicine [17–27]. The discovery of iPSCs further
delivered the direct generation of specific cell types in an approach called lineage
reprogramming. Such a strategy involves reprogramming mature cell types
directly into another cell type without passing through a stem cell by the combi-
nation of several lineage-specific factors. Recent studies demonstrated that direct
lineage reprogramming could yield a diverse range of medically relevant cell types
including pancreatic b cells, neurons, cardiomyocytes, and hepatocytes [28–32].
Here we review the background and recent studies of cellular reprogramming and
fate conversion with their potential future applications in regenerative medicine.

12.2 MyoD, a Master Regulator for Skeletal Muscle
Differentiation

MyoD is a classic example of a master gene for cell differentiation in the sense that
transduction of this gene is sufficient to activate the genetic program for muscle
differentiation in non-muscle cells [33, 34]. In 1979, Taylor and Jones [35, 36]
found that treatment of the 10T1/2 mouse embryonic fibroblast cell line with
5-azacytidine (5-azaC), an inhibitor of DNA methylation, induced differentiation
of these cells into skeletal muscle cells. This observation led to the hypothesis that
DNA demethylation and the resulting activation of unidentified genes were
responsible for the conversion to muscle cells [37]. A subtractive hybridization
experiment comparing untreated and 5-azaC-treated fibroblasts led to the identi-
fication of a cDNA encoding MyoD [7]. When overexpressed in primary fibro-
blasts or in a wide variety of other cell types, including pigment, nerve, fat, and
liver cells, MyoD induced reprogramming into skeletal muscle cells [10, 11].
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These findings provided the first evidence that a single gene can initiate a complex
program of differentiation, thereby acting as a master switch.

The ability of MyoD to convert fibroblasts and other cell types into skeletal
muscle strongly implicated a central role in myogenesis, and subsequent studies
sought to determine the biological roles and molecular mechanisms of MyoD
function in muscle development [38]. The MyoD protein contains a basic helix-
loop-helix (bHLH) motif that is common to a large family of transcription factors
[38–40]. Indeed, the strongly related bHLH proteins, Myf5, Mrf4, and myogenin,
are also expressed in skeletal muscle, with each factor playing a sequential and
synergistically crucial role in muscle cell specification and differentiation in vivo
[41–43]. It was therefore proposed that lineage-associated transcription factors,
which help to establish and maintain cellular identity during development, could
also change cell fate when ectopically expressed in certain heterologous cells.

12.3 Lineage Specification and Conversion
in Hematopoietic Cells

Following the discovery of MyoD, conversion of one cell type into another was
predominantly demonstrated among hematopoietic cells, which are an ideal cell
type for lineage conversion experiments because the cellular lineages are well
defined. Ectopic expression of GATA1, the erythroid-megakaryocyte- affiliated
transcription factor, produced erythroid-megakaryocytic-eosinophil-basophils
from granulocyte–macrophage progenitors freshly isolated from normal bone
marrow [44–46]. C/EBPb, a transcription factor required for the formation of
granulocyte–macrophage precursors, can convert committed B and T cell pro-
genitors into functional macrophages at frequencies approaching 100% [8, 9, 47].
Mature immunoglobulin-producing B cells could also be switched into macro-
phages by C/EBPb, although at lower frequencies.

Inactivation of key regulators may also lead to the activation of earlier genetic
programs in committed cells, resulting in their dedifferentiation and activation of
multi-lineage potential. For instance, deletion of the Pax5 transcription factor
induced dedifferentiation of B cells into common hematopoietic progenitor cells
[48–50]. Under appropriate culture conditions, these cells may then differentiate into
granulocyte/macrophage, T cell, dendritic, natural killer, and osteoclast cell lineages.

12.4 Induction of Pluripotency by Defined Factors

In the 1960s, John Gurdon and colleagues [5, 51] demonstrated that transferring
the nucleus of a differentiated frog cell into an enucleated egg could reprogram the
cell back to the totipotency of a zygote, and thus give rise to a whole new frog.
Following this striking demonstration using frog cells, reprogramming into
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pluripotent states by somatic nuclear transfer in mammals was first reported in
1997 with the birth of Dolly the sheep, and subsequently accomplished in many
other mammalian species [4, 6, 52–58]. These impressive demonstrations of the
inherent plasticity and potency of cells led to a search for reprogramming factors
able to convert differentiated cells back to a pluripotent stage.

Takahashi and Yamanaka [14] achieved a breakthrough in this field by
overexpressing four embryonic stem cell (ESC)-specific transcription factors in
somatic fibroblasts to induce a pluripotent state, resulting in the so-called iPSC.
Using retroviral vectors, they expressed 24 candidate genes and selected for
reprogramming cells by incorporating neomycin resistance and b-galactosidase
reporter genes into Fbx15, a gene specifically expressed in pluripotent stem cells [59].
The combination of 24 factors activated Fbx15 and induced the formation of drug-
resistant colonies with characteristic ESC morphology. Successive selection
rounds to eliminate individual dispensable factors led to the minimally required
core set of four genes, comprising Oct4, Sox2, Klf4, and c-Myc and referred to as
the Yamanaka factors. Many laboratories have since improved iPSC generation
techniques to show that murine iPSCs share all defining features with naive mouse
ESCs, including expression of pluripotency markers, reactivation of both X
chromosomes, and the ability to generate chimeric mice [60–67].

iPSCs can be derived from a number of different species, including humans, rats,
and rhesus monkeys, by expression of the four Yamanaka factors [15, 16, 68–70].
Similarly, iPSCs have been derived from other somatic cell populations, such as
keratinocytes, neural cells, stomach and liver cells, and melanocytes, as well as
from terminally differentiated lymphocytes, demonstrating the universality of the
induced pluripotency [71–75]. Importantly, reprogramming can be induced not
only by Oct4, Sox2, Klf4, and c-Myc, but also by alternative combinations that
employ Nanog, Lin28, ESRRB, NR5A2, and other genes that help to establish the
core transcriptional circuitry of stem cells [16, 76, 77].

12.5 In Vivo Reprogramming of Pancreatic Exocrine
Cells to Endocrine b Cells

The generation of iPSCs sparked the new and related idea of converting mature
cell types directly into another cell type without becoming a stem cell using a
combination of several lineage-specific factors [28, 30, 32, 78, 79]. Zhou et al. [32]
showed that adenoviral gene transfer of transcription factors could efficiently
reprogram pancreatic exocrine cells into functional b-cells in mouse [32], using
Neurogenin 3, Pdx1, and Mafa, which are known to be important in the embryonic
development of pancreas and b-cells [80]. The induced b -cells were indistin-
guishable from endogenous islet b-cells in structure and expressed genes essential
for b-cell function. Importantly, the induced b-cells ameliorated hyperglycemia in
type 1 diabetic mice by remodeling local vasculature and secreting insulin.
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Thus, although the new b-cells were not reorganized into complete islet structures
and this may limit their effectiveness, this study provided the first evidence of
cellular reprogramming in vivo by defined factors.

12.6 Conversion of Mesodermal Fibroblast Cells
into Ectodermal Neural Cells

It is then conceivable that while direct cell type conversion within the same
lineage may be easy, converting to a completely different lineage could be
challenging. To this end, Vierbuchen et al. [30] converted mouse dermal fibro-
blasts into functional neurons in vitro using neuronal lineage-specific transcription
factors, Ascl1, Brn2, and Myt1l. These induced neuronal (iN) cells expressed
multiple neuron-specific proteins, generated action potentials, and formed func-
tional synapses. The same group recently reported that when combined with the
bHLH transcription factor NeuroD1, these three factors could also convert human
fibroblasts into iN cells [81] that also showed typical neuronal morphologies and
expressed multiple neuronal markers, even after downregulation of the exogenous
transcription factors. However, the iN cells in this study represented a heteroge-
neous population of excitatory neurons and it was unclear whether direct lineage
reprogramming could produce a specific neuronal subtype. Caiazzo et al. [82]
reported that a combination of three transcription factors, Ascl1, Nurr1, and
Lmx1a, could generate functional dopaminergic neurons from mouse and human
fibroblasts without reverting to a progenitor cell stage, as well as from Parkinson’s
disease patients. These studies thus revealed that lineage conversions are not
restricted to within the same lineage or germ layer, since fibroblasts are meso-
dermal in origin and neurons are derived from ectoderm.

12.7 Direct Reprogramming of Fibroblasts
into Cardiomyocytes by Defined Factors

While embryonic mesoderm can be induced to generate cardiomyocytes, no
master regulator of cardiac differentiation has been identified that parallels MyoD
[7, 82, 83]. We thus hypothesized that a combination of key developmental cardiac
genes is required to directly convert fibroblasts into cardiomyocytes. To test this,
we selected 14 genes as candidates for cardiac reprogramming; all are specifically
expressed in embryonic cardiomyocytes and are critical for cardiac cell fate
specification as demonstrated by knockout mouse studies [84]. Cardiac fibroblasts
were isolated from heart explants of transgenic mice expressing EGFP under a
cardiac-specific alpha myosin heavy chain (aMHC) promoter and the fibroblast
cells not expressing EGFP were used for screening [85, 86]. Transduction of all 14
factors into fibroblasts induced 1.7% of GFP+ cells, and serial reduction of
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individual factors demonstrated that a combination of three factors, Gata4, Mef2c,
and Tbx5, was sufficient for GFP+ cell induction (around 15%). We designated
these GFP+ cardiomyocyte-like cells induced cardiomyocytes (iCMs) [31]. Gata4,
Mef2c, and Tbx5 are core cardiac transcription factors in early heart development
[87–89] that interact with each other to coactivate cardiac gene expression and
promote cardiomyocyte differentiation [90–92].

Despite the described progress, the genetic and epigenetic status of directly
induced cells and the exact mechanism of lineage reprogramming remains unclear.
We addressed these questions by microarray and epigenetic analyses of iCMs and
by cell fate mapping studies. The iCMs are similar, although not identical,
to cardiomyocytes in genetics and epigenetics status. Their global gene expression
profile resembles that of neonatal cardiomyocytes, but is different from that of the
original cardiac fibroblasts. The histone modification and DNA methylation
patterns of iCMs were also similar to those of cardiomyocytes [93], and a subset of
iCMs contracted spontaneously after 4 weeks of culture. Indeed, lineage-mapping
experiments with Mesp1-Cre/R26R-YFP and Isl1-Cre/R26R-YFP reporter mice
suggested direct reprogramming of the fibroblasts to the iCM fate without rever-
sion to a cardiac mesoderm/progenitor stage [83, 94–96]. We therefore took the
fibroblasts at an early stage of reprogramming and injected them into the mouse
hearts. These cells differentiated in situ and formed small isolated cardiomyocyte-
like cell clusters that were positive for cardiac markers. This is the first study
representing the global gene expression profiles and epigenetic status of directly
induced cells, and demonstrating direct evidence of cell fate in lineage conversion
using several reporter mice.

12.8 Induced Hepatocyte-like Cells Repair
Damaged Liver After Transplantation

Overexpression of lineage-specific transcription factors directly converts termi-
nally differentiated cells into some other lineages; however, it remained unclear
whether these lineage-converted cells could reconstitute damaged tissues in vivo.
In 2011, two groups clearly demonstrated that induced hepatocyte-like (iHep) cells
directly generated from fibroblasts reconstituted damaged hepatic tissues after cell
transplantation [28, 29]. Huang et al. [28] demonstrated the direct induction of
functional iHep cells from mouse tail-tip fibroblasts by transduction of Gata4,
Hnf1a, and Foxa3, and inactivation of p19Arf. These iHep cells showed typical
epithelial morphology, expressed hepatic genes, and acquired hepatocyte func-
tions. Notably, transplanting the iHep cells into fumarylacetoacetate-hydrolase-
deficient mice repopulated the damage liver and rescued almost half of the
recipients from death by restoring liver function. The authors proposed that Gata4
and Foxa3 probably act as ‘pioneer factors’ to trigger a global chromatin modi-
fication during the hepatic conversion [97–99]. Similarly, Sekiya et al. [29]
identified three specific combinations of two transcription factors, comprising
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Hnf4a plus Foxa1, Foxa2, or Foxa3, that could convert mouse embryonic and adult
fibroblasts into iHep cells, which were also functional and rescued damaged
hepatic tissues after transplantation. These studies provide novel strategies to
generate functional hepatocyte-like cells for the purpose of liver engineering and
regenerative medicine. However, because the iHep cell transplantation experi-
ments produced only partial rescue and that cells are still not identical to the bona
fide hepatocytes, further modifications for generating iHep cells are needed to
apply this approach in clinical settings. Importantly, both studies showed no tumor
formation using the iHep cells.

12.9 Transient Overexpression of Pluripotency-Inducing
Factors and Subsequent Extrinsic Signals Instruct
Lineage Determination

Direct reprogramming of somatic cells to a pluripotent state using the Yamanaka
factors entails extensive genetic and epigenetic resetting. Thus, it is possible that
the reprogramming factors function to erase cell identity by epigenetic mecha-
nisms and that subsequent exposure to external lineage-specific signals directs
lineage specification and induction of terminal differentiation. Efe et al. [100]
showed that transient overexpression of Oct4, Sox2, Klf4, and c-Myc and
subsequent exposure to cardiogenic media converted mouse fibroblasts directly
into spontaneously contracting cardiomyocytes, via a cardiac progenitor cell state
with no pluripotent intermediate. In contrast to our cardiac reprogramming
protocol, they showed that spontaneous contractions began after 11 days and
achieved a sixfold better yield efficiency of generating cTnT ? cardiomyocytes.
The latter results reflect that mitotically active cardiac precursor cells were
generated first rather than terminally differentiated cardiac cells.

Efe et al. [101] further demonstrated similar induction of neural progenitor cells
from mouse fibroblasts by transient expression of the pluripotent factors and an
exposure to the cell culture conditions favorable for neural precursor cells. For
future clinical applications, these authors now need to confirm that their fibroblast-
derived cardiomyocytes and neural progenitor cells are functionally integrated into
the host tissue and do not form teratoma.

12.10 Comparison of Pluripotent Reprogramming
and Lineage Reprogramming

As discussed above, reprogramming technologies have undergone extensive
advances that may change the field of regenerative medicine in the future
(Fig. 12.1) [23, 31, 100, 102]. The pluripotent reprogramming approach with
directed differentiation is theoretically able to produce all desired cell types as
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shown by recent ESC studies [101, 103]. A potential advantage of iPSCs is that
pluripotent cells have nearly unlimited capacity to proliferate in culture and may
provide abundant starting material to produce desired cell types. In contrast, the
lineage reprogramming approach does not induce all cell types at present and
directly induced cells do not proliferate infinitely in general. However, a possible
advantage of lineage reprogramming is that trans differentiation among lineage-
related cells may require only a limited amount of epigenetic resetting, resulting in
faster and more efficient reprogramming compared with pluripotent induction. For
example, iPSCs can be used in cardiac regeneration to generate graft cardio-
myocytes, and after cardiac cell selection the cells could potentially be trans-
planted into the damaged hearts [104, 105]. Thus, it needs multiple steps for
cardiac repair. In contrast, iCMs directly generated with Gata4/Mef2c/Tbx5
transduction could be transplanted into mouse hearts without cell sorting [31].
However, both cases rely on the graft cells being organized and successfully
integrated into the host tissues to improve cardiac function, thus further investi-
gations are needed.

Fig. 12.1 Future cardiac regenerative therapy. Cardiomyocytes cannot regenerate after
myocardial infarction and the lost myocardium is replaced by scar tissue which consists of
abundant cardiac fibroblasts. In future cardiac regenerative therapy, induced pluripotent stem cell
(iPSC)-based cardiac regeneration may improve cardiac function (upper panel). Direct cardiac
reprogramming technology using induced cardiomyocytes (iCMs) may convert endogenous
fibroblasts into cardiomyocytes by defined factors and skip several steps to generate
cardiomyocytes (lower panel)
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Another advantage of lineage reprogramming is the possibility of converting
cells directly in vivo by in situ regeneration and restoring function, as shown with
pancreatic b-cell induction [32]. The potential of this being possible consistently
raises several important advantages: first, the process is simple and short; second,
avoiding reprogramming to pluripotent cells before lineage differentiation would
greatly lower the risk of tumor formation; and third, direct injection of defined
factors can avoid cell transplantation in which long-term cell survival might be
challenging in some cell types such as cardiomyocytes [104, 106–108].

Studies over the past 5 years have induced a wide variety of cells from
pluripotent cells using the Yamanaka factors, and iPSC properties have been
characterized extensively. In contrast, lineage reprogramming using varied specific
factors has just emerged and induced cell characters should be carefully examined
in the future. Studies in human cells and understanding of molecular mechanisms
of direct lineage reprogramming are necessary to advance this technology for
clinical applications.

12.11 Conclusions

Cellular reprogramming and fate conversion have long been recognized as a
possibility, although the impact of cell type conversion by defined genes was most
prominently exemplified only recently by the discovery of iPSCs. This landmark
finding fundamentally altered approaches and ideas about regenerative medicine
and also provided a broad strategy to induce desired cell types by introducing
lineage-specific factors. The numerous reprogramming studies have taught us that
cells have more plasticity and cell fate can be molded more easily than previously
thought once the right combination of transcription factors is identified. Notably,
the issues of appropriate cellular differentiation, risk of tumor formation due to
contaminating immature cells and insertional mutagenesis, and proper integration
into the recipient organ require further and careful investigation [109–111] for
future clinical applications to be realized.
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Chapter 13
Omics in Stem Cell Therapy: The Road
Ahead

Kyunghee Byun, Goo-Bo Jeong, Trevor N. Collingwood
and Bonghee Lee

Abstract Understanding self-renewal and differentiation of stem cells at molec-
ular levels is essential for both basic research and clinical applications of stem
cells. The complexity of stem cell fate is controlled by the sophisticated mecha-
nisms of temporal and spatial gene expression and protein function. Thus, the
capacity to control a gene’s expression, build cellular reporters that reflect the
activity state of lineage-specific endogenous genes, and either create or repair
disease alleles is essential for realizing the potential of stem cell technology.
In this chapter, we introduce zinc finger nucleases (ZFNs) as a tool to efficiently
and selectively manipulate a given gene at the endogenous locus for advancing
both our understanding as well as therapeutic application of stem cell biology.
Proteins too are key players in the cell and often serve as biomarkers. They have
diverse features that are not predictable from gene sequences or from the level
of transcripts. Major breakthroughs in stem cell research were made by the
identification of protein biomarkers such as colony-stimulating factors (CSFs) and
cell-surface CD molecules. Recently, the Human Proteome Organization (HUPO)
and Asia Oceanic HUPO (AOHUPO) launched initiatives for systematic
MS-based proteomics as well as a gene coded proteomic approach to under-
standing stem cell differentiation. These studies will shed new light on stem cell
biology and accelerate clinical applications of stem cells.
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13.1 Introduction

Stem cells are widely and intensively studied in the field of life sciences due to
their enormous potential to treat many incurable diseases. At the same time, there
has been a wide range of social and ethical concerns on using human embryonic
stem (ES) cells for research or therapeutic purposes because of their derivation
source.

Stem cells are functionally defined as undifferentiated, primitive cells that
retain the ability to reproduce themselves indefinitely (‘‘self-renewal’’) and also
have the ability to generate multiple types of cells in response to internal signals
and external cues. Stem cells are largely categorized into two groups, ES cells and
adult stem cells. Although these two types of stem cells have different merits and
disadvantages, both may be valuable resources for future cell therapy. Recently,
mouse and human somatic cells have been successfully reprogrammed into
induced pluripotent stem (iPS) cells that exhibit similar characteristics to human
ES cells [1–5]. iPS cells also have been spotlighted as an alternate source of
pluripotent cells to the clinical patient’s own stem cells.

These three types of stem cells have many advantages given their potential for
regenerative therapy. Under the appropriate environmental conditions, they can be
differentiated into most cell types in the body and can provide an unlimited
number of cells for cell therapy. However, their applications for human treatment
require special safety precautions. The biggest concern is the potential risk of
genomic abnormality [6, 7] and tumor formation [8]. Other concerns are immune
rejection of transplanted tissue, difficulty in achieving homogeneous cell popula-
tions after differentiation, and ethical controversy resulting from the destruction of
embryos to generate new human ES cells. In contrast, adult stem cells have been
used for cell therapy for a long time. More than 1,300 clinical trials with adult stem
cells have been approved by the U.S. Food and Drug Administration (FDA). There
are several reasons that account for the wide use of adult stem cells in clinical
applications. These include very little chance of tumor formation, no ethical
problems, the possibility of autologous transplantation (which causes no immune
rejection), and easy differentiation into specific lineages of cells. However, the
prevailing belief that adult stem cells do not form tumors needs thorough
reevaluation. There has been a recent report that adipose tissue-derived human
mesenchymal stromal cell (MSC) populations can immortalize and transform
spontaneously. This MSC-TMC (transformed mesenchymal cells) transition hap-
pened after in vitro culture and expansion [9]. Furthermore, several other reports
argue that some cancer cells are derived from adult stem cells in the body [10–13].
Currently, safety issues and techniques for in vitro expansion of the cells may be
the two most important topics to develop additional successful cell therapies using
adult stem cells.

Future studies should be focused on overcoming major obstacles that hinder
successful stem cell therapy. First of all, obtaining autologous cell sources is
required to avoid immune rejection. iPS cells have many advantages in this
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regard although more work is needed to bring iPS cells to clinical use. Patient-
specific iPS cells thus have enormous promise for personalized cell therapy, as
well as for research on human disease [4, 14]. Use of human iPS cells will
require the development of efficient methods for performing gene targeting, a
sequence-specific and permanent genome modification that exploits the cell’s
ability to perform homologous recombination (HR). Gene targeting by HR has
played a critical role in genetic studies of various systems, including knock out/
knock in mouse models using mouse ES cells. This issue will be introduced in
next section.

The second issue is preventing tumor formation. This is especially serious for
clinical use of ES cells. Since tumor formation is thought to be caused by residual
undifferentiated ES cells, the development of methods that remove these remnant
ES cells is of great importance.

The third challenge is establishing standard protocols to efficiently differentiate
stem cells into the cell types of interest. This will increase the efficacy of cell
therapies, reduce side effects caused by the presence of unwanted cell types, and
minimize tumor formation resulting from remnant undifferentiated ES or iPS cells.

All these needs are tightly associated with the activity of genes or proteins.
Here we will discuss the current status and future perspective of genomics and
proteomics-based stem cell research for successful stem cell therapy.

13.2 Why Stem Cell Genomics?

The complexity of stem cell biology is the product of myriad sophisticated
mechanisms for temporal and spatial control of gene expression. The pursuit of
safe, reproducible, and efficient strategies for reprogramming primary cells to the
state of induced pluripotency, or driving differentiation of stem cells toward
defined lineages is challenged by our need to better understand the role of the
individual gene in these processes. Moreover, accurate real-time reporting on the
differentiation state of the cell in response to manipulation is essential to eluci-
dating and optimizing strategies for reliably generating the desired cellular char-
acteristics. To this end, the capacity to (i) switch off/on or otherwise control a
gene’s expression, (ii) build cellular reporters that reflect the activity state of a
lineage-specific endogenous gene, and (iii) either create or repair disease alleles is
essential to realizing the potential of stem cell technology. For all the exquisite
transcriptional, translational, and epigenetic governance the cellular environment
exerts over a gene’s activity, the product of its expression is still ultimately reliant
on genomic structure and primary gene sequence. Thus, the development of tools
to efficiently and selectively manipulate a given gene at the endogenous locus
represents a critical need for advancing both our understanding as well as thera-
peutic application of stem cell biology.
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13.3 Gene Correction Methods for Personalized Medicine

The causality of human disease is often linked to defined mutations in individual
genes. Precise correction of these genetic lesions in patient-derived stem cells and
iPS cells prior to in vitro differentiation and re-engraftment back into the donor is a
critical barrier to the broad application of personalized autologous cell-based
therapy. Classical gene targeting in mammalian cells combines positive and
negative selection to isolate the rare targeted events [15]. This has been an
effective strategy in mouse ES cells, but reports of gene targeting in other mam-
malian primary cell types are limited [16–21]. Recent evolution of recombinant
adeno-associated virus-mediated approaches has however boosted the efficiency of
classical gene targeting in human pluripotent stem cells [22–24].

Zinc finger nuclease (ZFN) technology has emerged as a highly efficient new
tool for precise eukaryotic gene editing directly at the endogenous genomic locus
(reviewed by [25]). ZFNs comprise a pair of engineered zinc finger DNA-binding
domains each linked to a modified catalytic nuclease domain of the restriction
enzyme FokI (Fig. 13.1; [26–29]. The DNA binding specificity can be engineered
to direct the ZFN pair to the desired genomic locus to induce a double-strand DNA
break (DSB) with high fidelity. The highly conserved natural cellular DNA repair
pathways of nonhomologous end joining (NHEJ) or homology directed repair
(HDR) function to resolve the ZFN-induced DSB (Fig. 13.2). NHEJ acts to effi-
ciently rejoin the cleaved DNA ends but occasionally unfaithful repair can lead to
variable small deletions or insertions at the site of DSB. When this occurs within
coding sequence the consequence can be a shift in reading frame, deletion of
critical residues or disruption of exon splicing—each of which can lead to a
nonsense transcript and effective knock out of the target gene expression. Several
studies have utilized this approach to generate single endogenous gene [30, 31]
and multiple gene [32, 33] knock out in transformed cell lines as well as in human
primary cells and hematopoietic stem cells [34–36]. An alternative DNA repair
pathway is HDR. By this mechanism the cell normally uses a DNA template that is
homologous to the damaged locus—typically a sister chromatid—to direct faithful
repair of the lesion. However, early studies discovered that the DNA ends
generated at a DNA break in mitotically dividing mammalian cells were recom-
binogenic [37] and that the efficiency of homologous recombination during repair
of a DSB is several orders of magnitude greater than in the absence of the DSB
[38]. Thus, when ZFNs are co-delivered to a cell with an exogenous homologous
donor DNA carrying an investigator-defined genetic payload, the HDR pathway
can instead use this donor as the repair template to insert the specified genetic
modification. These alterations at the genomic locus can range from a single base
change to site-specific insertion of at least 8 kb in size—without the need for
antibiotic selection [39–42]. ZFN technology therefore represents a facile solution
to a multitude of genomic editing needs, as summarized in Fig. 13.3.

Recent application of ZFNs to genome editing in human pluripotent stem cells
has signaled an important advance toward the goal of patient-derived cell-based
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Fig. 13.1 Schematic of zinc finger nucleases binding a target sequence. Each zinc finger
nuclease (ZFN) consists of two functional domains: A DNA-binding domain and a catalytic
nuclease domain. The DNA-binding moiety comprise a chain of four to six zinc finger modules,
each recognizing a unique triplet (3 bp) sequence of DNA, stitched together to form a zinc finger
protein (ZFP) with specificity for 12–18 bp of DNA. The nuclease domain of the restriction
enzyme FokI is attached to the ZFPs to generate the zinc finger nuclease. The FokI domain must
dimerize to become catalytically active. ZFNs must therefore bind as a pair of proteins at the
target site which typically comprise 24–36 bases of recognition sequence. The ZFN dimer then
functions as a highly specific pair of ‘genomic scissors’ and cleaves the DNA

Fig. 13.2 The two natural DNA repair pathways invoked by a DNA double-strand break.
The addition of zinc finger nucleases to the cell results in creation of a double-strand break at the
target locus. This double-strand break is repaired by one of two endogenous repair pathways,
either the non-homologous end joining (NHEJ) or the homology-dependent repair (HR) pathway.
NHEJ is used to create gene knock outs while HR is typically utilized for targeted integration,
gene tagging or codon conversion
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therapy [43]. Initial studies used integration-defective lentivirus (IDLV) to deliver
both ZFNs and the donor repair template into human ES cells to achieve targeted
transgene insertion into the endogenous CCR5 locus—in the absence of antibiotic
selection [44]. Targeting of the same locus in human mesenchymal stem cells
using adenoviral-mediated ZFN delivery coupled with IDLV-mediated donor
delivery was also successful—again without selection [45]. While viral strategies
can overcome the challenges of low delivery efficiency to recalcitrant cell types,
optimized electroporation mediated nucleic acid delivery coupled with positive
selection strategies have led to successful inactivation of endogenous genes, such
as PIG-A, by insertion of a drug resistance expression cassette into the gene’s
coding sequence in both human ES and iPS cells [36].

Oct4 gene expression is a hallmark of pluripotency. Hockemeyer and col-
leagues used ZFNs to insert a promoterless GFP cDNA with a 50 splice acceptor
into intron 1 of the Oct4 locus in ES cells. By this approach GFP expression was
driven directly off the endogenous Oct4 promoter and so expressed only when the
Oct4 promoter was active (in the pluripotent state), thereby creating an endoge-
nous gene reporter of pluripotency [46]. Moreover, in an elegant strategy, inclu-
sion of a promoterless puromycin resistance gene 30 to the GFP and linked in
frame by a 2A peptide sequence enabled the active Oct4 promoter to drive
expression of both GFP and the resistance marker. Exposure to puromycin
therefore selected for predominantly correctly targeted clones (up to 94%) rather
than random integrants. Both the PIG-A and Oct4 genes are actively expressed in
ES cells and are therefore presumed to reside in regions of open chromatin
structure and, as such, be more accessible to ZFNs and the DNA repair machinery.
However, Hockemeyer and colleagues also demonstrated GFP tagging at the
transcriptionally silent PITX3 locus—both in ES and in iPS cells—thereby
proving that endogenous gene expression is not a prerequisite for ZFN-mediated
targeting [46]. Studies using an emerging DNA cleavage strategy—TAL nuc-
leases—further validate the notion that the creation of targeted DSBs greatly
facilitates genomic editing in these cell types [47].

Individual patient-derived iPS cells are providing new opportunities in
modeling human disease ‘‘in a dish’’ [48]. Careful reprogramming of both wild
type and diseased cells to become models for the tissues that are affected by the
disease offers investigators a novel system for comparing the biology, and
importantly, the drug sensitivity of affected and unaffected cells. However,

Fig. 13.3 Types of genomic modifications that may be mediated using ZFNs
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notwithstanding the technical challenges of accurate and reproducible repro-
gramming, the molecular basis of a disease may differ between patients - even for
apparently monogenic disorders. If two iPS lines from the same disease indication
behave differently it is difficult to determine whether the cause is other disease-
relevant genetic differences, or a variable consequence of reprogramming.
Generation of isogenic pairs of wild type and mutant iPS cells which differ only at
the disease-linked gene offers a solution resolving and eliminating variable genetic
background as a confounding factor. Yet to achieve this goal requires a strategy for
gene correction in patient-derived iPS cells (or mutation of wild type cells) that
leaves only the disease linked mutation and no other genetic modification, such as
selectable markers used for isolating the genomic modification events, or even the
genetic ‘‘scar’’ left by recombinase-mediated removal of the marker. To this end,
Soldner and colleagues have used ZFN-based genomic editing to generate isogenic
sets of human disease and control pluripotent stem cells that differ solely by either
of two Parkinson’s disease susceptibility alleles in the a-synuclein gene [49].
Moreover, this was achieved using plasmid-based ZFN and donor delivery without
use of antibiotic selection. A recent study has shown that single strand DNA
oligonucleotides (ssODNs) can be effectively used as donor templates for creating
ZFN-mediated point mutations, providing a simpler path to donor construction as
well as eliminating the potential for a random donor integration [50]. Substitution
of a plasmid donor with a 114 bp ssODN donor proved equally successful in
generating genetically edited iPS cells [49]. This work represents an important
milestone in creating patient-derived isogenic pluripotent stem cell models.

The studies above describe the control of gene expression and function by
permanent targeted modification of the gene itself. This approach has the advan-
tage of creating a defined and reproducible outcome. However, in some instances
it may be desirable to regulate gene expression in a dose-dependant manner.
Such strategies might include the insertion of inducible expression cassettes for
transgenes (e.g., key regulators of pluripotency), or shRNA/miRNA that in turn
regulate the expression of target genes. Recent reports have shown that ZFNs can
be used to efficiently insert both inducible and constitutively active constructs
specifically into a safe harbor locus (AAVS1) in pluripotent stem cells and
so render their expression controllable by a small molecule drug [36, 46, 51].
Importantly, site-specific insertion into a safe harbor avoids the genomic and
phenotypic uncertainty that surrounds random integration (e.g., epigenetic
silencing of the transgene or disrupted regulation of other genes near the site of
insertion) thereby providing the investigator with greater experimental control.

13.4 ZFN Advantages

The researcher’s toolbox for control of stem cell biology must continue to expand
if we are to realize the full potential of this exciting technology. Optimizing
methods to direct cell fate are critical components for generating the array of
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pluripotent and differentiated states that will be required. The tagging of endog-
enous markers of pluripotency as well as those that define a differentiated lineage
is an important tool to unraveling the complexities of stem cell biology. The
challenge of unambiguous identification of lineage may be met through the cre-
ation of accurate genomic reporters of lineage. These strategies will likely include
inserting into a safe harbor locus exogenous cassettes comprised of a reporter tag
(e.g., GFP) under the control of critical regulatory elements from a lineage-specific
gene. In a more physiologically representative approach, the endogenous gene
itself may be tagged directly with the fluorescent marker, such as the Oct4 study
described earlier. Finally, the ability to alter just a single codon enables better
modeling of the functional consequences of disease alleles. With the genomic
editing tools now available each approach appears feasible.

13.5 Stem Cell Proteomics: Why Stem Cell Proteomics?

Major breakthroughs in human stem cell research were made by the identification
of proteins, such as colony-stimulating factors (CSFs) and cell-surface CD
molecules. Proteins, key players in the cell, have diverse features that are not
predictable from gene sequences or transcript levels. For example, posttranslational
modifications (PTMs), protein–protein interactions, and subcellular locations affect
the function and activity of proteins, but these are not predictable using genomics
or transcriptomics technology.

Both basic and clinically oriented stem cell research are confronted with many
open questions that can be most efficiently answered by proteomics. For instance,
the cell surface proteins and signaling cascades of stem cells and their differen-
tiated progenies are largely unknown, as are the differentiation-specific proteins
that can be used as biomarkers of the intermediate or terminal steps of cell
differentiation, or to discriminate tumorigenic cells from the pool [52]. A major
challenge researchers now face is the systematic and optimized use of proteomics
technology to decipher stem cell biology.

13.6 Stem Cell Proteomics: The Road Ahead

Antibody proteomics. Antibody proteomics, one of the major initiatives of the
Human Proteome Organization (HUPO), is defined as the systematic generation
and use of protein-specific antibodies to functionally explore the proteome [53].
Agaton et al. [54] showed that protein epitope signatures tags (PrESTs), unique
epitopes present in native proteins, can be used as antigens and affinity ligands for
cost-effective generation of highly selective, mono-specific antibodies or affinity-
purified polyclonal antibodies. Currently, this approach has been extensively used
to construct a comprehensive, antibody-based protein atlas of expression and
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localization profiles in human normal and cancer tissues [55] (Fig. 13.4).
As monoclonal antibodies have been systematically validated, the resources
developed by the antibody proteomics initiative can be systematically used for
stem cell research. For that purpose, well-defined panels of stem cells and their
derivatives are required. Once prepared, these panels of cells can be efficiently
screened using high-throughput cell microarray (tissue microarray) methods. This
approach allows for detection of novel CD molecules involved in the differenti-
ation of a variety of stem cells, and can be easily applicable to cell therapy by
removing tumorigenic cells.

MS-based membrane proteomics. As previously mentioned, the antibody-
based approach has both success and promise in identifying novel proteins,
especially membrane proteins. However, this method has intrinsic limitations
because it is an indirect method for characterizing proteins, and there can be
cross-reactivity in antibody-antigen interactions [56]. Also, the antibody-based
approach cannot provide much information about PTMs that may be important
for protein function.

In contrast, a mass spectrometry (MS)-based method allows direct sequencing
of peptides and proteins, and the technology is evolving as the cutting edge in
MS-based proteomics [57] (Fig. 13.5) and can be used either as a method

Fig. 13.4 HUPO Antibody initiative project: Workflow of ‘‘Antibody Production, Multi-
functional Characterization, and Public Web Portal’’ (After Atlas Antibody: http://www.
atlasantibody.com)
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complementing the antibody-based approach or for direct identification and
characterization of CD molecules. To that end, MS-based proteomics can first be
used to identify molecular targets of antibodies or epitope mapping [58]. Secondly,
a MS-based approach, coupled with membrane protein preparation and separation
technologies, can be used to directly identify and characterize membrane proteins
from cells and tissues [59, 60]. In 2005, Asia Oceania Human Proteome Organi-
zation (AOHUPO) launched the Membrane Proteomics Initiative (MPI), which
aims to develop methods for characterizing membrane proteomes, and for
characterizing the proteins of specific membrane systems. Since MPI has almost
finished phase I (technology development) and phase II (large-scale analysis
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of membrane proteomes) successfully, the methods and experiences from MPI can
readily be utilized for more complex areas, such as stem cell proteomics. Because
human iPSCs can mimic cellular phenotypes of various intractable diseases, the
MS-based proteomics can contribute to target discovery in the drug development
process for these disease.

PTMs. PTMs play important roles in stem cell biology. Elliott et al. [61]
showed that *21% of the proteins identified in murine R1 ES cells had PTMs, and
several of them, including Ras-GTPase activating protein binding protein 1 and
phosphoglycerate kinase, had not been previously reported as associated with
PTMs. Unwin et al. [62], revealed the importance of posttranslational control as a
regulatory factor in primary hematopoietic stem cells. From the proteomics
perspective, assaying changes in PTMs during stem cell differentiation in a high-
throughput fashion is a key to understanding the underlying mechanisms of
stemness and differentiation.

Proteomics also allows for quantitative analysis of subproteomes with a specific
PTM (e.g. the phosphoproteome [63] and the methylproteome [64]). For example,
Kratchmarova et al. [65] used MS-based approaches to quantitatively monitor
tyrosine-phosphorylated proteins upon the differentiation of mesenchymal stem
cells into bone-forming cells in response to growth factors. Recently, Van Hoof
et al. [66] successfully reported phospho-protein profiling during early differen-
tiation of human ES cells, which enables the identification of key protein acti-
vations in specific signaling pathways of the early differentiation process.
They provide strong evidence of how PTM-based proteomics can contribute to
understanding the mechanism of adaptor signaling at the stem cell level. This
technique will likely be widely applied to mechanism-based research focusing
on self-renewal and differentiation processes of stem cells.

Fig. 13.5 Schematic overview of peptide sequencing by tandem MS (After Baharvand et al. [57]).
The main components of a mass spectrometer are an ion source, one or more mass analyzers that
measure the mass-to-charge ratio (m/z) of the ionized analytes, and a detector that registers the
number of ions at each m/z value. The gas-phase ions are produced in the ion source, after which they
enter the mass analyzer and are separated according to their mass/charge (m/z) ratios in the mass
analyzer. MALDI (a, b) and ESI (c–e) are two techniques most commonly used to volatize and
ionize the variety of biomolecules, including peptides, proteins, metabolites, and oligonucleotides
to enable their measurement by MS. The mass analyzer is the central component behind the
technology. Examples of mass analyzers currently used in proteomics research are: TOF, Q, triple Q
or LIT, ion trap Fourier transform ion cyclotron resonance (FTICR), and Orbitrap. The TOF
analyzers separate ions based on the differences in transit time from the ion source to the detector in
flight tubes under vacuum (a–c). The Q analyzer transmits only ions within a narrow m/z range and
uses the stability of the trajectory to separate these ions according to their m/z ratio on four parallel
cylindrical metal rods (c). In triple Q or LIT, ions of a particular m/z are selected in a first section
(Q1) and fragmented in a collision cell (q2), after which the fragments are separated in Q3. In the
LIT, ions are captured in Q3. They are then excited via resonant electric field and the fragments are
scanned out, creating the tandem mass spectrum (d). The ion trap analyzer captures or traps the ions,
which are then subjected to MS or MS/MS analysis (e)

b
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Finding stem cell growth factors: Secretome. Understanding differentiation is
important both for basic research and clinical applications. In stem cell research,
finding growth factors in the secretome is a critical step toward understanding and
controlling stem cell differentiation at the molecular level. Recently, a proteomics
approach revealed the endodermal secretome network guiding stem cell cardio-
poiesis from ES cells [67]. Evidence from normal and tumor cells also illustrate
the linkage between signal transduction pathways and the secretomes [68, 69].

Most colony-stimulating factors (CSFs) were purified from media conditioned
by various human tumor cells, and it is noteworthy that tumors secreting CSFs
include not only hematopoietic cancers, such as a T-lymphoblast cell line [70], but
also a human squamous cell line from a lower oral cavity [71] and a gastric cancer
cell line [72], which are not related to hematopoiesis. Therefore, systematic
screening of stem and cancer cell media, combined with extensive proteomic
purification and characterization, may be required for high-throughput character-
ization of the growth factor repertoire of each stem cell line. Recently, we reported
proteomic differences of various sized exosomes from human neural stem cells and
their differentiated oligodendrocyte progeny [73]. In the study, we separated
exosomes with Field-Flow Fractionation by 10 nm size differences, and showed
that this step was useful for reproducibly analyzing the proteomics changes. These
promising results suggest that well-designed sampling strategy and analysis
technologies should be further developed to achieve better yields in screening the
tumorigenic cells for safe stem cell therapy.

13.7 Future Perspectives

Our understanding of the functional consequence of disease-linked mutations even
in the presence of diverse genetic backgrounds is expected to advance significantly
with the advent of paired isogenic pluripotent cell-based models. While the current
focus may be on using the isogenic cell line approach to enhance our under-
standing the biology of disease, the future of personalized stem cell therapy will
likely lie in our ability to take a patient’s own cells, correct the disease allele, and
then return those cells to the patient in a genetically and developmentally correct
format. ZFN-mediated genomic editing has demonstrated the creation or repair of
disease alleles in stem cells without leaving behind any other detectable genetic
change. While patient-specific stem cell therapy is still in its infancy, the advent of
facile methods for precise genomic engineering illuminates a path to this goal. In
2007, the HUPO and International Society for Stem Cell Research (ISSCR) joint
initiative, Proteome Biology of Stem Cells, was established as a collaborative
effort bringing stem cell biologists and researchers together in proteomics [52, 74].
The aim of the initiative is to effect the implementation of cutting edge proteomic
technology in stem cell research to further our understanding of stem cell biology.
This has been prompted primarily by major breakthroughs in stem cell research,
the potential of stem cells for biomedical application, and the awareness that
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proteomics may be able to accelerate this progress further and possibly open yet
unexplored areas of research. Over the last 2 years, acting groups of the AOHUPO
initiative have also started workshops to optimize protocols for human ES cells
sampling, MS analysis, and bioinformatics analyses for preparing the AOHUPO
stem cell initiative. The group has chosen human ES cells for initial study.
Analysis of human ES cell membrane proteins will be used to standardize bio-
marker discovery, and this will help in providing standard guidelines for stem cell
proteomics. The initiative will also be choosing the iPS cells and differentiated
cells for membrane protein analysis of various intractable diseases. We believe
that the initiative will produce many deliverables for use in drug discovery and cell
therapy. The voyage to stem cell genomics and proteomics with cutting edge
technology has already begun. We believe genomics and proteomics will have
great impact on many aspects of the path to successful stem cell therapy.
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Chapter 14
Microglia: The Bodyguard
and the Hunter of the Adult
Neurogenic Niche

Jorge Valero, Maria Francisca Eiriz, Tiago Santos, Ismael Neiva,
Raquel Ferreira and João O. Malva

Abstract The addition of new neurons in the mature central nervous system
(CNS), which relies on millions of fine-tuned connections, is coordinated by a
complex cascade of events. A minimum error could disturb the whole system.
All this becomes even more complicated considering that neuroblasts can also
move from their place of birth and cover long distances. In this scenario, the most
insignificant process should be under the strictest control and any insurgency must
be punished with death. For such purposes, microglia seem to be devoted to
maintain things in correct order in the brain and to ‘‘use the force’’ when needed.
However, on the special environment established in the adult neurogenic niches
microglia should be more permissive but also be ready to react when needed.
In this chapter, we analyze the particularities of microglial cells on charge of the
surveillance of adult neurogenic niches and the tools they have to maintain
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homeostasis. We comment on the current knowledge about the relationship
between microglial cells and other elements of the neurogenic niche during
healthy but also inflammatory situations. The activity of senescent and overreac-
tive microglia seems to underlay most of the problems observed in neurodegen-
erative disorders. Therefore, we consider that an adequate understanding of
microglial interaction with the neurogenic niche is essential for the proper
development of brain repair therapies.

14.1 A Brief Introduction to Microglial Cells

Brain parenchyma is continuously surveyed by microglial cells which ensure the
protection of the central nervous system (CNS). Microglia are small glial cells
derived from myeloid precursors which enter the CNS during development and
acquire a dendritic shape with branched, fine, and long processes which charac-
terize the so-called ‘‘resting’’ microglia [1]. Microglial cells are often regarded as
the resident macrophages of the CNS due to their ability to become phagocytes
when needed. Apart from parenchymal microglia, other macrophage-like cells
reside in the CNS: perivascular macrophages and pericytes. Microglial cells are
difficult to distinguish from other macrophage-like cells [reviewed in 2]; thus, we
will mainly use the terms microglia or microglial cells to refer to microglia/CNS
invading macrophages residing in the brain. In the normal CNS, microglial cells
play an active role in the clearance of apoptotic material, a process that may occur
without inflammation. Accordingly, microglia display a wide range of receptors
that mount a concerted response leading to phagocytosis and removal of cell debris
[3–6]. Moreover, dying cells in the CNS also release signaling molecules that
promote the recruitment of microglia and other phagocytes [7]. Although
microglial cells were previously considered as quiescent cells in the absence of
an activating/stimulating challenge, ‘‘resting’’ microglia are highly dynamic.
Processes of nonactivated microglia continuously explore the surrounding envi-
ronment forming a network which senses the state of the brain parenchyma [8, 9].
Furthermore, neurons express on their plasma membrane an array of molecules,
some of them releasable, that control the activation state of microglial cells. These
molecules constitute the ‘‘on/off’’ system. ‘‘Off’’ signals keep microglia on their
nonactivated state, whereas their absence and/or presence of ‘‘on’’ molecules
lead to their activation [10]. Once activated, microglial cells lose their ramified
morphology, become amoeboid, and migrate to the site of injury, where they
release several proinflammatory and trophic factors [11–14]. Microglia migrate by
chemotaxis in response to various stimuli such as blood-derived factors from
damaged blood vessels, extracellular ATP and ADP released after ischemic
and traumatic CNS injuries, microbial signals, adhesion molecules, cytokines, and
complement molecules, among others [8, 9, 15, 16]. Indeed, microglia evolved to
express multiple membrane receptors able to identify a wide array of pathogen-
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and damage-associated molecular determinants. Toll-like receptors (TLRs) are one
of the most studied receptor families and, as such, are activated by bacterial
lipopolysaccharides (LPS), hypomethylated DNA, flagellin, double-stranded
RNAs, and other molecules [17]. When a pathological infection or injury occurs in
the CNS, the interaction between TLRs and their ligands results in the activation of
intracellular signaling cascades leading to the release of several factors in order to
control and minimize the impact of CNS injuries. Proinflammatory molecules tend
to eliminate any possible source of damage by restricting the spread of the injury
into other areas of the brain parenchyma. However, an exacerbated proinflam-
matory reaction could affect healthy tissue and become detrimental. On the other
hand, microglial anti-inflammatory response promotes cell survival and tissue
recovery after injury [18]. Therefore, activated microglia release various mole-
cules, which contribute to neural cell death or survival, such as interleukins (IL),
growth factors, tumor necrosis factor-alpha (TNF-a), and monocyte chemotactic
protein-1 (MCP-1), to mention a few [11]. Some of the molecules released
by microglia induce blood–brain barrier leakage making it more permissive for
leukocyte invasion [19]. In the special case of brain injury, T-lymphocytes may
invade the brain and accumulate at inflammatory sites where, together with
infiltrating microglial cells, they reinforce the immune response [20]. In conclu-
sion, microglial cells are critical in the protection of CNS against infection,
trauma, ischemia, brain tumors, and neurodegenerative processes.

Regional differences have been described in density, molecular profile, and
responsiveness of microglia in the CNS. Such differences could be associated with
functionality [reviewed in 21]. ‘‘Classical’’ functions of microglia have been
related to inflammation, immune response, and debris clearance. However, now-
adays, new aspects about the role of microglia in the CNS have emerged. In their
review, Pont-Lezica et al. describe the association of microglia with four main
elements: apoptotic neurons, developing vascular networks, developing axon
tracks, or radial glia [22]. This distribution pattern suggests new microglial roles
related to developmental cell death induction [23, reviewed in 24], angiogenesis
[25, 26], axonal growth and guidance, and neuro- and gliogenesis [22]. Recent
studies have also suggested the involvement of resting microglia on synaptogen-
esis and synaptic plasticity [24, 27]. Moreover, a role of microglia in the regulation
and maintenance of adult neurogenesis has been proposed. The purpose of this
chapter is to summarize the current knowledge referring to the interaction between
microglia and adult neurogenesis and its possible implications on CNS disorders
and pathologies.

14.2 Adult Neurogenic Niches

In the adult mammalian brain, new cells are generated through a continuous
process called adult neurogenesis. This process occurs mainly in two mitotically
restricted areas: the subventricular zone (SVZ) lining the lateral ventricles
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[28–31]; and the subgranular zone (SGZ) of the hippocampal dentate gyrus
(DG, Fig. 14.1a) [32–34]. These regions of the adult brain where constitutive
neurogenesis takes place are called ‘‘neurogenic niches’’. Some of the cells present
in the neurogenic niches have self-renewal and multipotency capacities, cardinal
properties of stem cells. Accordingly, they are named neural stem cells [35–39].
However, the distinction between these stem cells and their derived precursor
cells, which have a more restricted potential, is a scientific and technological
challenge. Therefore, we will use the denomination neural progenitor cells (NPCs)
to refer to both of them. New neurons have been implicated in the formation of
new memories, olfactory functions, and potential recover of brain injury [40–42].
Thus, full knowledge of adult neurogenesis mechanisms is fundamental to better
understand memory processing, olfaction, and also a scientific resource to develop
new brain repair strategies.

Fig. 14.1 Schematic representation of adult neurogenic niches. a Localization of neurogenic
niches in the CNS. b Top panel represents cell lineages in the adult DG. Bottom panel shows a
schematic representation of the organization of DG neurogenic niche. c Top panel represents cell
lineages in the adult SVZ. Bottom panel shows a schematic representation of the organization of
SVZ neurogenic niche. d Schematic representation of the organization of the rostral migratory
stream. AOB Anterior Olfactory Bulb, DG Dentate Gyrus, GCL Granule Cell Layer, IPC
Intermediate Progenitor Cell, ML Molecular Layer, MOB Main Olfactory Bulb, RMS Rostral
Migratory Stream, SGZ Subgranular Zone, SVZ Subventricular Zone
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Adult SVZ is a thin layer of cells that separates the striatum from the lateral
ventricles (Figs. 14.1c and 14.2a2). Here, the so-called B-cells originate C-cells
which are actively proliferating precursors (Fig. 14.1c) [37]. C-cells auto-replicate
and also give rise to immature neuroblasts (A-cells) that migrate tangentially to the
accessory and main olfactory bulb (OB) through the rostral migratory stream
(RMS, Fig. 14.1a, c) [43, 44]. Once in the OB, neuroblasts migrate radially and
differentiate into new interneurons that acquire fully competent functions related to
olfactory discrimination and memory [41, 45, 46]. B-cells express nestin, sex-
determining region Y-box 2 (Sox2), glial fibrillary acidic protein (GFAP) and
other astroglial markers [30, 47, 48], being considered as SVZ astrocytes. B1-cells,
a particular subtype of B-cells, have been proposed to be the resident stem cells of
the SVZ. They have some characteristics of radial glial cells such as specialized
end feet on blood vessels and an apical ending in contact with ventricle fluid
(Fig. 14.1c) [49, 50]. Endothelial cells from blood vessels are also active con-
stituents of SVZ neurogenic niche as they foster stem cell proliferation [50] and
also release important factors for NPC maintenance and differentiation. SVZ
proliferating cells usually associate with blood vessels [51] or, alternatively, with a
particular extracellular matrix named fractones, extending from capillaries
(Fig. 14.1c) [52].

A-cells leave the SVZ integrating the chains of the RMS and they migrate
tangentially to the main OB or accessory OB along specialized astrocytic
tubular structures and blood vessels (Fig. 14.1d) [44, 53–55]. In the OB,
neuroblasts detach from the chains and shift their tangential migration to a
radial migration. Once they reach their final location in the OB, new neurons
are selected to survive or to die by apoptosis. Finally, only few cells integrate
into the existing circuitry mainly as mature granule cells or periglomerular
neurons [56].

In the hippocampus, adult neurogenesis is responsible for the *10,000 new
neurons generated daily at the DG [57]. Three main cellular players have been
described in this neurogenic niche (Fig. 14.1b). Type-1 cells are considered the
neural stem cells of DG, have a radial-glia GFAP-positive process and originate
nestin-positive and proliferative type-2 cells [36, 58]. Type 1 cells have some
similarities with B1 cells of SVZ: they express GFAP, Sox2, and present primary
cilia [59, 60]. Type-3 cells, generated from an intermediate progenitor cell
(a highly proliferative type-2 cell), are less proliferative, they do not express nestin
but show typical markers of neuroblasts like doublecortin (Dcx) [61, 62]. These
cells finally convert into postmitotic-cells which migrate a small distance into the
granule cell layer (GCL, Fig. 14.1b). Most mature young neurons expand their
axons until the stratum lucidum of the CA3 layer and develop a dendritic tree
which reaches the molecular layer of the DG [63–66]. These new neurons go
through an early survival period and many are eliminated by apoptosis [65, 67].
The surviving ones integrate into existing circuits having a role in memory
function [40, 68].
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14.2.1 Modulation of Adult Neurogenesis

Extrinsic and intrinsic factors regulate distinct aspects of adult neurogenesis:
proliferation, migration, differentiation, survival, and integration [69, 70]. Cell
cycle modulators, transcription factors, and epigenetic regulators are intrinsic cues
regulating adult neurogenesis [69–72]. In turn, intrinsic factors are affected by a
huge number of extrinsic factors: morphogens, adhesion molecules, growth fac-
tors, neurotrophins, cytokines, hormones, neurotransmitters, and neuropeptides
[69, 70]. Physical exercise [73], environmental enrichment (EE) [74], diet [75],
social interactions [76] and stress [77] are the main ‘‘environmental’’ factors that
regulate adult neurogenesis. Surprisingly, most of them have almost no effects on
SVZ neurogenesis. Only olfactory enrichment seems to affect OB-directed neu-
rogenesis [78, 79]. Voluntary running, social interactions, EE, and dietary
restriction increase adult neurogenesis by affecting cell proliferation or survival of
new neurons in the DG [73–76]. Stress diminishes the production of new neurons
in the SGZ, an effect mainly related with glucocorticoid levels [77]. Aging also
negatively regulates adult neurogenesis in both DG and SVZ, affecting extrinsic
and intrinsic factors [80]. Finally, adult neurogenesis is modified by brain damage
or pathology, which has been described to either increase or reduce the production
of new neurons and even to redirect them to affected regions. Microglial cells are
able to produce, release and regulate, levels of the extrinsic factors affecting adult
neurogenesis in healthy conditions as well as during aging, brain injury, and
pathology [81–83]. Thus, the study of the role of microglia in the neurogenic niche
could provide new therapeutic tools to modulate neurogenesis.

14.3 Microglial Cells in Neurogenic Niches

Microglial properties vary between regions in the CNS; their density, morphology,
responsiveness, and pattern of receptor expression differ between distinct brain
areas [21]. Considering the special characteristics of adult neurogenic niches,
resident microglial cells likely play a role in support of neurogenesis. Taking into
account the classical phagocytic role of microglia and the elevated incidence of
apoptotic events occurring in adult neurogenic regions, a higher proportion of DG
and OB microglia should be in a phagocytic-like state compared with other regions
of the CNS [84]. Furthermore, microglial cells have been recently involved in
other functions during development that may persist until adult life: axonal growth
and guidance, angiogenesis and cell death induction [22]. Finally, the role of
‘‘resting’’ microglial cells on synaptogenesis and synaptic plasticity could be
crucial during the integration of newly generated neurons into the preexistent CNS
circuitry [24, 27]. Despite the extensive research that has been done on microglial
cell physiology and function, little has been reported on the particularities of
microglial modulation of the healthy adult neurogenic niche.
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14.4 Microglial Cells in the Healthy Adult
Subventricular Zone

Blakemore described in 1969 the existence of microglial cells subjacent to the
ependyma in the SVZ of 3-month-old rats [85]. However, initial detailed studies of
the adult SVZ cytoarchitecture just mentioned the presence of microglia [30, 86].
Mercier et al. observed microglial cells and perivascular macrophages when
analyzing SVZ fractones in rodents and humans [52, 87]. A fractone is a contin-
uous basal laminae with a base at the tip of a perivascular macrophage, a stem
branching into the SVZ and bulbar-like structures underneath the ependyma
(Fig. 14.1c). Perivascular macrophages establish contacts between them and with
fibroblasts forming a network along the capillaries which enter the SVZ. Inter-
estingly, fractones contact with SVZ ependymocytes, A, B, C-cells, and microglia.
Considering that the meningeal fibroblast/macrophage network has continuity into
the SVZ capillary network which gives rise to fractones, these structures
may serve as communication channels between SVZ cells and other brain regions
[52, 87]. Macrophages/microglia could provide the extracellular matrix constituents
of the fractones and also produce growth factors, cytokines and chemokines diffusing
and accumulating in this network, thereby influencing SVZ neurogenesis [52].

SVZ microglia have some special characteristics: they show less activation
after cortical lesion [88] and they can be isolated and expanded more easily than
microglia from non-neurogenic areas [89]. Goings et al. described that microglia
from SVZ are normally ramified, express medium to high levels of the microglia/
macrophage markers CD45 and CD11b (Fig. 14.2a–b), and proliferate more than
microglia from adjacent areas. Cells highly stained for CD45 have shorter pro-
cesses than medium stained ones, sometimes form clusters and frequently localize
adjacent to blood vessels. These data indicate that SVZ microglial cells are in an
intermediate state of constitutive activation [88]. In agreement, other authors
showed that, in sham-operated rats, more than 20% of SVZ microglia express the
phagocytic activity and microglial activation marker ectodermal dysplasia 1
(ED1), and that about 15, 2 and 1% of the total microglia population display an
intermediate, amoeboid and round morphology, respectively [90]. Furthermore,
some SVZ microglial cells lining dorsal and ventral edges of adult SVZ express
the dendritic cell marker CD11c [91]. Interestingly, SVZ microglia have been
found associated to B- and C-cells suggesting that microglial cells may be directly
regulating NPCs function [92]. Indeed, some SVZ resting microglia containing the
prostaglandin synthase cyclooxygenase 2 (Cox2) appear close to dividing cells.
Since Cox2 inhibition induces a 90% decrease in the number of SVZ proliferating
cells, prostaglandin synthesis by microglia could be related to the regulation of cell
proliferation in normal conditions [93]. Therefore, microglial activity affects
proliferation in the SVZ. Moreover, high doses of minocycline, an inhibitor of
microglial activity, increase cell proliferation in the adult SVZ of mice [92].
Importantly, Walton et al. demonstrated that the presence of microglia on NPCs
monolayer cultures is necessary for neurogenesis [94]. This effect is mediated by
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soluble factors released by microglia since conditioned media from primary
microglial cells restore inducible neurogenesis in microglia-depleted SVZ cultures
and increase neuroblast production in normal NPCs cultures [92, 94]. Therefore,
SVZ microglia modulate neurogenesis and may be considered a component of the
neurogenic niche.

Fig. 14.2 Microglial cells in the Subventricular Zone and Rostral Migratory Stream.
a–d Coronal section images from the brain of 2 month-old mice. a–a2: Confocal microscopy
image showing SVZ NPCs (Sox2+, red) and microglial cells (CD11b+, green) in the SVZ
neurogenic niche and adjacent regions. Some microglia present high/medium intensity staining
for CD11b and an intermediate activated-like morphology (arrowheads). b–b2 Confocal
microscopy image of the SVZ neurogenic niche showing a CD11b+ (green) microglial cell
(arrowhead) adjacent to NPCs (Sox2+, red) and neuroblasts (Dcx+, white). Note the different
staining intensity between SVZ microglia and microglial cells from the adjacent region. c–c2

Confocal microscopy image showing microglial cells (CD11b+, green) in the RMS. Some
microglial cells show higher staining for CD11b and are close to Sox2+ (red) and Dcx+ (white)
cells. d Apoptotic-like (pyknotic) cells in the RMS (arrowheads). d2–d3 Volume rendering
images of confocal z-stacks showing the apoptotic-like cells pointed with arrowheads in (d).
Note that one of the apoptotic-like cells is engulfed by a CD11b+ process suggesting ongoing
phagocytosis by a microglial cell. CC Corpus Callosum, CPx Coroid Plexus, Dcx Doublecortin,
NPCs Neural Progenitor Cells, RMS Rostral Migratory Stream, Sox2 sex-determining region
Y-box 2, Str Striatum, SVZ Subventricular Zone
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14.4.1 Microglial Cells in the Rostral Migratory Stream
and Main Olfactory Bulb

The maintenance of the special characteristics of SVZ microglia along the RMS
is an interesting issue that has not been properly investigated (Fig. 14.2c–d).
However, stellate microglial cells expressing CD11c exist in the rostral end of the
RMS: the subepedymal layer (SEL) of the OB [91]. In the main OB of rodents

Fig. 14.3 Microglial cells in the main olfactory bulb. a–d Coronal section images from the
olfactory bulb of 2 month-old mice. a Confocal microscopy images showing microglial cells
(CD11b+, green), neuroblasts and young neurons (Dcx+, red), and cell nuclei (Hoechst staining,
blue) in the main olfactory bulb. b Confocal microscopy image showing neuroblasts (Dcx+, red) in
the SEL of the olfactory bulb. Note the presence of highly stained CD11b+ microglial cells in the
inner part of the GCL, close to the SEL (arrowheads). c Confocal microscopy image of the GCL.
Arrowheads point to regions of close apposition between processes of microglial cells (CD11b+,
green) and new neurons (Dcx+, red) which suggests the existence of interactions between microglia
and young neurons in the main olfactory bulb. d Apoptotic-like (pyknotic) cell in the junction
between the GCL and SEL (arrowhead). d2 Magnification of the apoptotic-like cell pointed in (d).
d3–d4 Volume rendering images of confocal z-stacks showing the same apoptotic-like cell of d2

panel. Note the CD11b+ process around the pyknotic cell suggesting the existence of phagocytosis.
Dcx Doublecortin, GL Glomerular Layer, GCL Granule Cell Layer, EPL External Plexiform Layer,
IPL Inner Plexiform Layer, MCL Mitral Cell Layer, ON Olfactory Nerve, SEL Subependymal Layer
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most microglial cells show a highly branched and ramified morphology
(Fig. 14.3a). Curiously, microglia adjacent to the SEL of the rat OB present a
higher CD11b staining compared to microglial cells in the immediately adjacent
GCL. These highly CD11b-stained cells emit short and hypertrophied processes
resembling activated microglia (Fig. 14.3b). CD45 and Major Histocompatibility
Complex-II (MHC-II) expressing microglial cells with amoeboid morphology also
appear in the junction between the GCL and SEL. Interestingly, this region of the
OB presents the highest concentration of pyknotic cells in the rat CNS. Some
CD45 and MHC-II-positive cells also exist in the olfactory nerve and periglom-
erular zone, two regions which suffer continuous remodeling due to the renewal
of olfactory axons and the arrival of new periglomerular cells [95]. Finally
ED-1-positive (activated) microglia have been observed in the nerve layer, peri-
glomerular zone and GCL of the rat OB [96]. This pattern of staining indicates the
presence of active and phagocytic-like microglia in the normal OB, which are
mainly concentrated close to the region of neuroblasts entrance (Fig. 14.3d).

14.4.2 T-Cells and Microglia/SVZ Neurogenic Niche Interaction

The influence of T-cells on the SVZ is suggested by different observations. First,
severe combined immune deficiency (SCID) mice, which lack T and B-cells, show
a 61% reduction of SVZ proliferating cells [97]. Second, in sham-operated rats,
1% of SVZ microglia express MHC-II, indicating that a direct communication
between SVZ microglia and T-cells may exist [90]. Finally, SVZ manifests special
chemoattractant properties for T-cells [98]. Although the presence of T-cells in the
brain parenchyma and also in the SVZ is scarce [90] there are T-lymphocytes in
the choroid plexus and meninges, where they contact antigen presenting cells and
release cytokines to the cerebrospinal fluid (CSF) [reviewed in 99]. Importantly,
CSF is in direct contact with SVZ B1-cells [49] and also with the meningeal-
fractone network (Fig. 14.1b), thereby providing a vehicle for T-cell cytokine
signaling [52, 87]. Furthermore, low levels of the T-cell proinflammatory cytokine
IFN-c or anti-inflammatory cytokine IL-4 promote neurogenesis in cocultures of
microglia and SVZ NPCs from adult mice, whereas these cytokines have no effects
on NPCs cultured alone. On the contrary, higher levels of IFN-c are detrimental for
neurogenesis [100]. Altogether, these data suggest a role for T-cells on the reg-
ulation of SVZ neurogenesis through interaction with microglial cells.

14.4.3 Microglial-Secreted Factors in the Normal SVZ
Neurogenic Niche

IFN-c which is expressed by T-cells, but also by microglia, has important effects
on SVZ adult neurogenesis and has been detected in neurosphere cultures and SVZ
tissue [98, 100, 101]. IFN-c null mice show elevated production of neurospheres,
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increased proliferation in the SVZ and higher number of newly generated cells in
the OB-GCL, suggesting a detrimental effect of IFN-c on NPCs. [101]. Further-
more, IFN-c and TNF-a may have an indirect effect on SVZ recruitment of
microglia/macrophages by promoting production of the chemokine CXCL10 in
this region [98]. Moreover, high levels of IFN-c can lead to an increase of TNF-a
production by microglial cells [100]. TNF-a and its receptors are expressed in the
SVZ [102], indicating a direct action of TNF-a on the SVZ neurogenic niche. [98].
Indeed, this factor either decreases or increases proliferation of cultured SVZ
NPCs [102–106]. Bernardino et al. demonstrated that treatment of NPCs derived
from SVZ neurospheres with TNF-a at 1 ng/ml increases cell proliferation while
higher concentrations (10 and 100 ng/ml) induce apoptosis. Therefore, low and
high concentrations of this cytokine have opposite effects. Furthermore, the same
authors showed that TNF-a (1 and 10 ng/ml) increases neuronal differentiation of
SVZ NPCs via specific activation of TNF-a receptor I (TNF-RI) [104]. In
agreement, mitotic activity induced by human TNF-a on SVZ neurospheres has
been related to activation of the nuclear factor jB via TNF-RI [106]. In vivo,
intracranial administration of TNF-a increases cell proliferation in the adult SVZ
of rats [107]. However, deletion of TNF-RI or TNF-a does not affect cell prolif-
eration in healthy conditions in the mouse SVZ, suggesting that a physiological
low concentration of TNF-a has no effect on SVZ [102]. In conclusion, pro-
neurogenic and anti-neurogenic effects of TNF-a in NPCs from the SVZ could be
related with differential effects elicited by different concentrations of TNF-a and
its binding to TNF-RI or TNF-RII, eventually triggering opposite effects [108].
Finally, recent data indicate that IL-6, which is present in the healthy SVZ [88],
also plays an important role sustaining normal levels of proliferation and survival
of NPCs in the SVZ [109].

Dcx-positive cells of SVZ express the MCP-1 receptor CCR2 and MCP-1 is
able to induce migration and attract NPCs from SVZ in cell culture [110]. How-
ever, MCP-1 is produced by SVZ GFAP- and nestin- positive cells [111].
Therefore, its expression in this region may not be only attributable to microglia.

A summary of the data exposed here can be found in Table 14.1.

14.5 Microglial Cells in the Healthy Adult Dentate Gyrus

Density of microglial cells in mouse SGZ of DG is lower than in adjacent regions
(Fig. 14.4a) and, contrary to the SVZ, Goings et al. described that most of them are
in a resting state showing low levels of CD45 [88]. Nonetheless, others described
that 25.65% of GCL microglia from 2-month-old mice are activated [112]. Similar
to SVZ, DG microglia just experience a slight increase in CD45 staining intensity
after cortical aspiration [88]. Some DG microglial cells also express Cox2
and its inhibition causes a 40% reduction in cell proliferation. However, whether
this effect is mediated by the activity of Cox2 present in microglia is not
clear as neurons and astrocytes also express Cox2 in the adult DG [93, 113].
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CD11c-positive microglial cells appear in the DG of adult mice extending their
processes from one border to the other of the GCL. These CD11c-positive cells
present a unique asymmetrical and dendriform morphology characteristic of the
hippocampus (Fig. 14.4b) [91]. Furthermore, 37% of the NPCs and 30% of neu-
roblasts contact with microglial processes in the SGZ, suggesting that microglia
play a role in surveillance of the functional status of the dentate gyrus neurogenic
niche (Fig. 14.4b5) [84, 91, 114, 115]. Importantly, nonactivated phagocytic
microglia exert an important role removing apoptotic bodies from newly generated
cells, that do not survive in the healthy SGZ (Fig. 14.4c). The majority of the
apoptotic cells phagocyted by microglia in the SGZ correspond to 1–4 days-old
cells in an intermediate state between late amplifying neuroprogenitor cells (type 2
cells) and early neuroblasts (type 3 cells), or *8-days-old postmitotic differenti-
ating newborn neurons. Indeed, most apoptotic cells of the SGZ contain nestin
and/or polysialylated neural cell adhesion molecule (a marker of migrating neu-
roblasts) but not Dcx or NeuN. Most (91%) pyknotic cells of the SGZ are normally
engulfed by phagocytic microglia processes. Furthermore, data indicate that SGZ
microglia are highly efficient in the elimination of apoptotic debris [84]. However,
it remains to be elucidated the existence of a similar phagocytic process in the OB,
the RMS, and SVZ (Figs. 14.2d and 14.3d). Finally, whether these microglial
cells actively participate in apoptotic induction of newly generated cells in the
neurogenic niches is still unknown.

Table 14.1 Effects of microglial-related factors in the healthy SVZ neurogenic niche

Factor In vitro effect In vivo effect Refs.

Prostaglandin Cox2 inhibition ; proliferation [93]
IL-4 : neurogenenesis (microglia/

NPCs cocultures)
[100]

IFN-c Low Overexpression [98, 100, 101]
: neurogenenesis (microglia/

NPCs cocultures)
: CXCL10 ? microglia

attraction
High Null mice
:TNF-a and ; neurogenesis : proliferation and neurogenesis

TNF-a Low Iintracranial admin [98, 102–106]
: proliferation and neuronal

differentiation (via TNF-RI)
: proliferation
TNF-RI deletion
No effect

High Overexpression
: cell death : CXCL10 ? microglial

attraction; or no effect in proliferation
IL-6 KO mice [109]

; proliferation and survival
MCP-1 Induce migration and attract

NPCs
[110]
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14.5.1 T-Cells and Microglia/DG Neurogenic Niche Interaction

Ziv et al. demonstrated a 60–68% decrease in the production of young neurons and
40% reduction in newly generated mature neurons in the DG of mice deficient in
T-lymphocytes. This effect was mainly attributed to a decrease in cell prolifera-
tion. T-cells deficiency also decreases neuronal differentiation in the DG.
Furthermore, injection of a source of T-cells partially restored normal levels of
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neurogenesis on the DG of mice lacking T and B-lymphocytes [97, 116].
The effect of T-cells on DG adult neurogenesis could be mediated by their
influence on the proneurogenic state of microglial cells residing in, or close to, the
SGZ [reviewed in 99]. Interestingly, microglial regulation of adult neurogenesis
seems to be modulated only by T-cells directed against CNS self-antigens.
In addition, mice with an excess of T-cells directed against a CNS auto-antigen
showed improved spatial learning while depletion of CD4-cells impaired it
[97, 116]. Thus, T-cell regulation of microglial activity has an important effect on
DG adult neurogenesis and may influence cognition.

14.5.2 Microglial-Secreted Factors in the Normal
DG Neurogenic Niche

Different IL modulate adult neurogenesis. Anti-inflammatory IL-10 increases
proliferation without affecting differentiation of DG NPCs cocultured with
microglial cells. This effect is mediated by regulatory properties of IL-10
on microglial cells and it is not observed when NPCs are cultured alone [117].
IL-2 knock-out mice exhibit augmented levels of IL-15, IL-12 and CXCL10
and also show increased neurogenesis [118]. Microglial cells are the most
important producers of IL-1b in the brain [reviewed in 119], exerting a
deleterious effect on adult neurogenesis after inflammation or during aging
[115, 120, 121]. IL-1b affects DG adult neurogenesis in vivo by blocking cell
proliferation, while no effects after intracerebroventricular administration of

Fig. 14.4 Microglial cells in the dentate gyrus. a–d Coronal section images from the
hippocampus of 2 month-old mice. a–a2 Confocal microscopy image showing microglial cells
(CD11b+, green), NPCs (Sox2+, red), and cell nuclei (Hoechst staining, blue) in the dentate
gyrus. Highly stained Sox2+ cells appear in the SGZ. Note the low density of microglial cells in
the GCL compared with adjacent regions and how these cells extend their processes
perpendicularly to the SGZ. b–b2 Confocal microscopy image showing the processes of a
microglial cell extended from one to the other border of the GCL (arrowheads). In b2 NPCs cell
bodies (Sox2+, blue) and neuroblasts (Dcx+, red) appear in the SGZ, while dendrites of new
neurons extend through the GCL (Dcx+, red). b3–b5 Volume rendering image of confocal
z-stacks. b3 shows the same microglial cell (green) pointed with arrowheads in b2. Arrowheads
point to the areas amplified in b4 and b5. b4 Close apposition between a microglial process
(green) and a protuberance (arrowhead) in the dendrite of a new neuron (red). b5 Possible contact
between microglial processes (CD11b+, green), neuroblasts (Dcx+, red), and NPCs (Sox2+, blue,
arrowhead). These images suggest the existence of direct interactions between microglia and
NPCs, neuroblasts, and newly formed neurons. c Confocal microscopy image of the SGZ
showing an apoptotic-like cell (filled arrowhead) close to the process of a microglial cell
(CD11b ? , green, open arrowheads). c2–c3 Volume rendering image of confocal z-stacks. c2

shows the same stained cells which appear in c while c3 shows a rotated scene of just few
elements. Note that the apoptotic-like cell (filled arrowhead) is engulfed by the CD11b+
microglial process indicated by the open arrowheads, suggesting ongoing phagocytosis. Dcx
doublecortin, GCL Granule Cell Layer, ML Molecular Layer, NPCs Neural Progenitor Cells, SGZ
Subgranular Zone, Sox2 sex-determining region Y-box 2

b
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IL-1b have been observed in the SVZ [122]. Proliferating cells, Sox2-positive
and Dcx-positive cells express IL-1 receptor (IL-1R) suggesting that they could
be directly affected by IL-1b [122]. Furthermore, increased levels of this
cytokine reduce neuronal differentiation in the adult DG [123]. Interestingly,
the absence of fractalkine ‘‘off’’ signaling reduces adult neurogenesis mainly
due to the activation of microglia and increased production of IL-1b. Indeed,
ramified microglial cells expressing fractalkine receptor (CX3CR1) are widely
distributed into mice DG [115, 124]. Despite the constitutive expression of
IL-1b in the hippocampus [125, 126] and the presence of IL-1R in NPCs, there
are contradictory data about the effects of IL-1b in a healthy environment. Rats
acutely treated with the IL-1RI antagonist (IL-1Ra) and IL-1RI null mice do
not show changes in cell proliferation in the DG [122]. On the contrary,
another study showed that chronic overexpression of IL-1Ra induces a decrease
on cell proliferation without affecting neuronal differentiation in young mice
[127]. Considering these data, further research should be done to clarify the
effects of normal/low concentrations of IL-1-b in the adult DG. Something
similar occurs with IL-6 and contradictory results have been obtained about the
role of IL-6 in the DG neurogenic niche. IL-6 mRNA has not been detected
under basal conditions in the hippocampus, but the mRNA of IL-6 receptor
(IL-6R) is expressed in the DG [128]. Transgenic mice overexpressing IL-6
present decreased proliferation and survival, as well as a lower number of new
neurons in the DG [129]. On the contrary, repeated but not single intra-hip-
pocampal administration of IL-6 increases microglial reactivity and the number
of proliferating cells in the DG of adult mice [130]. In agreement with this,
IL-6 knock-out mice show decreased proliferation and survival of DG NPCs
[109]. Moreover, mice overexpressing IFN-c in the brain, at a rate that does not
induce microglial activation, show increased neurogenesis in the DG and higher
mRNA levels of TNF-a, IL-6 and the proneurogenic insulin-like growth factor
(IGF-1) [131]. It would be particularly interesting to analyze whether this
mouse model shows increased neurogenesis in the SVZ, eventually in contra-
diction with results obtained in the IFN-c-null mice (commented above).

TNF-a is present in the DG [132] and its receptors, TNF-RI and TNF-RII,
are expressed by hippocampal NPCs [108, 114, 133]. Mice lacking TNF-RI
show increased cell proliferation and more newly generated neurons in the DG.
On the contrary, TNF-RII-null mice show decreased cell proliferation but no
effect on the final number of newly generated neurons [108]. Thus, in a
nonchallenged environment, TFN-RI seems to play an important role down-
regulating adult DG neurogenesis while TNF-RII has almost no effect. Contrary
to what happens in SVZ, basal levels of TNF-a could reduce DG adult
neurogenesis.

Transforming growth factor-b1 (TGF-b1) is expressed in the DG and increases
upon aging [134, 135]. Some reports highlight a negative effect of TGF-b1 in DG
neurogenesis, after its intracerebroventricular infusion or overexpression, mainly
due to reduced cell proliferation of NPCs [136, 137]. However, other studies
showed that, after induced neuroinflammatory conditions, high levels of TGF-b1
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are correlated with increased neurogenesis, while its reduction, or the blockade of
its type II receptor, decreases the number of newly generated cells in the DG.
Nevertheless, the same authors showed that chronic overexpression of TGF-b1, or
the blockade of TGF-b1 type-II receptor on control animals, did not impact
neurogenesis [138, 139]. In fact, Battista et al. observed that incubation of DG
NPCs with TGF-b1 decreases proliferation but stimulates neuronal differentiation
[139]. Therefore, it is possible that TGF-b1 has a dual effect on neurogenesis,
decreasing proliferation of NPCs and in parallel increasing their neuronal
differentiation.

A summary of the data exposed here can be found in Table 14.2.

14.6 Microglia and Adult Neurogenesis Following Exercise
and Environmental Enrichment

As previously mentioned, exposure of rodents to a stimulating environment pro-
motes the incorporation of new neurons into the SGZ [140, 141]. Physical activity
also increases neurogenesis in the DG mainly by inducing cell proliferation
[142, 143]. Nonetheless, effects mediated by EE or exercise on adult neurogenesis
are restricted to the DG neurogenic niche [144].

Elevated number of newly generated and total DG microglia have been
observed after EE [97, 145, 146]. Effects of T-cells on microglia have been
linked to EE-mediated alteration of adult neurogenesis. Indeed, T-lymphocytes
expressing CNS self-antigens are necessary for this stimulation of neurogenesis
[97]. Furthermore, EE also induces a 5-fold increase in the number of microglial
cells competent to present antigens to T-cells (MHC-II-positive), in the adult rat
hilus and GCL [97]. By contrast, effect of exercise on adult neurogenesis does
not seem to depend on microglia and T-lymphocytes interaction mediated by
MHC-II [112]. In fact, the relationship between expression of MHC-II and
neurogenesis is not as clear since the quantity of MHC-II-expressing cells has
been negatively correlated with the number of proliferating and Dcx-positive
cells in the DG of aged rats [115, 120, 147, 148]. Enhancement on adult neu-
rogenesis mediated by exercise is also associated with elevated levels of IGF-1
in the brain. Despite IGF-1 being secreted by microglia, the effect of voluntary
exercise on DG neurogenesis has been related with increase of CNS uptake of
circulating IGF-1 [143, 149]. However, an increase in microglial cells expressing
IGF-1 was observed in adult mice with free access to a running wheel which
also showed increased neurogenesis [150]. In fact, IGF-1 expression is linked to
enhanced production of neuroblasts in the rat SVZ after stroke and with elevated
cell proliferation in the mouse DG after seizures [90, 151]. Thus, microglial IGF-
1 could have a role, although limited, on the effects of voluntary exercise on
adult neurogenesis.
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14.7 Microglia, Neuroinflammation,
and Adult Neurogenesis

Neuroinflammation induces changes in the profile of microglia and this has
been directly related with effects on adult neurogenesis in both DG and SVZ.
Thus, activation of microglia and release of inflammatory molecules after
administration of LPS, brain trauma, neurotoxic injury, irradiation, stroke,
excitotoxicity, and status epilepticus (SE) have been related to changes in
neurogenesis (Table 14.3).

14.7.1 LPS Effects on Adult Neurogenesis Mediated
by Microglia

In general, LPS administration induces an inflammatory response in the brain
[82, 152] and concomitant decrease in the survival of newly generated cells,
without affecting proliferation [84, 153]. Indeed, early in vitro studies showed that
reduction in NPCs survival is mediated by soluble factors released by microglial
cells [154, 155]. Acute administration of LPS to microglial cell cultures increases
microglial production of IL-1b, IL-6, TNF-a, prostaglandin E2 (PGE2), nitric
oxide (NO), IL-1a, and IL-10 [155]. IL-1b negatively affects adult neurogenesis,
mainly in the DG. Therefore, IL-1b increase after inflammatory response induced
by LPS may contribute to the inhibition of adult neurogenesis in the hippocampus
[122, 123, 127]. IL-6 is another important mediator of LPS-induced decrease on
adult neurogenesis [154]. Interestingly, LPS provokes an increase on microglial
secretion of IL-6 in vitro which is lower in microglial cells lacking the PGE2
receptor EP1. This receptor is also involved in the reduction of DG intermediate
precursor cells that occurs after intracerebral administration of LPS in adult mice
[156]. These evidences suggest a role for PGE2 in the upregulation of IL-6 pro-
duction and reduction of DG adult neurogenesis induced by LPS. TNF-a has been
involved in the induction of cell death in the SVZ-RMS after i.p. administration of
LPS [153]. However, we should not forget that the effects of TNF-a could be pro-
or anti-neurogenic depending on its concentration and interaction with TNFR-I or
TNFR-II [104, 108]. NO, produced by nitric oxide synthases (NOS), is another
modulator of neurogenesis [157–159]. Inducible NOS is not normally expressed
by microglia in the healthy brain, but its production after inflammation has been
related to decreased cell proliferation in the adult DG [160].

Acute and chronic treatment of microglia with LPS has different effects on the
expression of pro- and anti-inflammatory molecules. IL-1b protein and TNF-a
mRNA levels are normal after chronic treatment with LPS. Chronic exposure to
LPS induces a smaller increase in IL-1a, IL-6 and NO concentrations, as compared
with acute LPS treatment, and a robust increase of IL-10 and PGE2 [155]. IL-10
has been described as a neuroprotective cytokine associated with increase of NPCs
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proliferation in vitro [117]. Thus, chronically activated microglial cells could be
more proneurogenic compared with acutely activated ones. Indeed, coculture of
microglial cells, chronically exposed to LPS, with adult NPCs induces an increase
in the proportion of GFAP-positive cells, without affecting the proportion of cells
stained with a neuronal marker [155].

14.7.2 Stroke

The most common experimental model of stroke, middle cerebral artery occlusion
(MCAO), increases NPCs proliferation on the DG and SVZ [reviewed in 161]. In
this context, microglial activation after stroke in the DG neurogenic niche has been
proposed to be either detrimental or beneficial [162, 163]. Effects of stroke in the
SVZ have been highly analyzed. Stroke induces migration of SVZ newly formed
neuroblasts toward the injured striatum, providing the affected region with neu-
ronal replacement. However, just about 20% of new striatal neurons survive during
the first 2 weeks [161]. Microglial state changes over time after stroke suggesting
different effects at different time points. Early after insult, administration of an
anti-inflammatory drug increases accumulation of young neurons, oligodendrocyte
precursors, astrocytes, and NPCs in the affected striatum, while, on the opposite,
decreases the proportion of activated microglia [164]. On the other hand, inacti-
vation of microglial cells using minocycline decreases the production of SVZ
neuroblasts after ischemia, suggesting a role of activated microglia on the
upregulation of SVZ neurogenesis [165]. In fact, stroke increases the number of
SVZ microglia [102]. In their study, Deierborg et al. showed that the higher
number of microglial cells present in NPCs cultures from SVZ collected after
stroke or excitotoxic lesion is related to elevated cell proliferation and increased
number and size of neurospheres [102]. This effect on proliferation is mediated by
microglial soluble factors [166]. Indeed, IGF-1 mediates the increase on prolif-
eration induced by stroke in the DG and SVZ. NPCs of both DG and SVZ express
IGF-1 receptor and its blockade prevents ischemia-induced proliferation [90, 167].
Galectin-3 overexpressed by striatal astrocytes and stroke-activated microglia
showed a similar effect [168]. Mice lacking TNF-RI have increased levels of cell
proliferation and SVZ neuroblasts 1 week after MCAO, suggesting a negative
effect of TNF-a after stroke [102]. Osteopontin, a phosphorylated acidic glyco-
protein, and MCP-1 promote the migration of neuroblasts to the injured striatum
after MCAO [169, 170]. Thus, activated microglial cells seem to be directly
involved in promoting production of new cells and the migration of neuroblasts
from SVZ towards the ischemic region.
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14.7.3 Status Epilepticus

Similar to stroke, after damage caused by status epilepticus (SE), aberrant
migration of neuroblasts and granule cell dispersion occurs. SE also triggers an
increase in cell proliferation and neurogenesis in the DG [151, 171, 172] and
enhances cell proliferation in the SVZ [102]. In this case, SE-induced microglial
activation has been negatively correlated with survival of new neurons in the
hippocampus [173]. Indeed, SE induces formation of ectopic hilar basal dendrites
and aberrant neuroblasts, an effect associated with microglial activation and Cox2
activity [174, 175]. Cox2 function has been also related to increased proliferation
and production of new neurons and astrocytes after SE in the DG and SVZ
[175, 176]. Similar to stroke, IGF-1 also has a role in the upregulation of cell
proliferation after SE, an effect attributed to a CREB-mediated induction of IGF-1
transcription in DG microglia [151]. Finally, signaling through the two TNF-a
receptors differentially affects adult neurogenesis after SE. TNF-RI interaction
with TNF-a reduces NPCs proliferation and production of new neurons, whereas
binding to TNF-RII increases the survival of new neurons in the DG [108].
However, in the SVZ, TNF-RI has no role on the increased production of neu-
roblasts after SE [102]. Thus, SE induction of proliferation in the DG and SVZ
may be mediated by different mechanisms.

14.7.4 Irradiation

Intracranial ionizing radiation is used to treat brain tumors, but also impairs
cognition and exerts negative effects on hippocampal-dependent memory and
adult neurogenesis [177, 178]. In spite of the main effect of irradiation on
neurogenic niches being mediated by direct DNA damage to NPCs and sub-
sequent induction of apoptosis, recovery after irradiation has been related with
microglial activity. Indeed, anti-inflammatory drugs increase the number of
newborn neurons in the hippocampus after irradiation [154, 179]. Curiously, SVZ
neurogenic niche recovers better than DG after irradiation, an effect that has been
attributed mainly to differences on microglial response between these two regions
[180]. Microglial-secreted factors seem to be involved on this regional difference,
since irradiated SVZ microglia express higher mRNA levels of fibrillar growth
factor 2 (FGF-2), leukemia inhibitory factor and platelet derived growth factor, as
compared with irradiated hippocampal microglia (which showed down-regulated
levels of FGF-2 transcripts). Furthermore, treating irradiated SVZ neurospheres
with a cocktail containing the previous mentioned factors decreases apoptosis and
increases proliferation [180]. Thus, microglial cells have a decisive role in the
recovery of adult neurogenesis after irradiation and could be considered as a
therapeutic target.
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14.8 Aged Microglia and Aged Neurogenesis

Aging is one of the classical and stronger factors that negatively affect adult
neurogenesis in DG and SVZ [reviewed in 80]. The decrease on DG and OB
neurogenesis in old rodents has been associated with memory and fine olfactory
discrimination deficits, respectively [181, 182]. Interestingly, a study showed that
although the proportion of dividing NPCs is reduced in aged mice, the total
amount of NPCs is not altered with aging [183]. In fact, the recovery of
normal production of new neurons in the aged DG and SVZ can be achieved
[142, 184–186], suggesting that the aged DG still possesses the potential to gen-
erate new neurons at the levels reached during young adulthood. However, a recent
study showed depletion of NPCs in the aged DG [187].

Changes observed in ‘‘aged’’ microglia reduce their protective capacities and
potentiate their proinflammatory response. Interestingly, voluntary exercise
improves survival of newborn cells in the aged DG and induces a concomitant
increase in the number of IGF-1-positive microglia, suggesting that aged
microglial cells can be modulated to acquire a proneurogenic fate [150]. Altera-
tions in the microenvironment of the aged brain have been hypothesized to be
responsible for the reduced production of new neurons [18, 188–190]. Accord-
ingly, upon aging, microglial cells acquire an activated-like phenotype charac-
terized by morphological changes and increased mRNA expression of both
proinflammatory (TNF-a, IL-1b, IL-6) and anti-inflammatory (IL-10, TGF-b1)
cytokines that affect adult neurogenesis (Table 14.3) [191]. Aging also affects
fractalkine/CX3CR1 ‘‘off’’ system. Protein levels of fractalkine are reduced while
CX3CR1 levels are increased in the hippocampus of aged rats. Furthermore,
exogenous administration of fractalkine reduces microglial activation in the aged
hippocampus [115, 147]. Indeed, fractalkine/CX3CR1 system could mediate the
aged-induced decrease on adult neurogenesis [further reviewed on 188]. Inter-
estingly, increased levels of IL-1b mediate the downregulation of adult neuro-
genesis triggered by the reduction of fractalkine signaling to microglia [115].
Moreover, IL-1b is increased and affects neurogenesis in the aged hippocampus
[120]. Recently, epigenetic modifications mediated by elevated levels of IL-1b in
the aged hippocampus have been shown to underlay aging related decrease in adult
neurogenesis [121].

14.9 Neurodegenerative Diseases, Microglia, and Adult
Neurogenesis: The Triad

Microglial activation is a key hallmark of the major neurodegenerative diseases
and, as discussed, may impact the regulation of neurogenesis (Table 14.4).

Multiple sclerosis (MS) is a generalized autoimmune disease of the CNS which
develops concomitantly with infiltration of monocytes, T and B-cells into the brain
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parenchyma, and with concomitant activation of microglia [192]. In experimental
autoimmune encephalomyelitis (EAE), the most used animal model of MS, the
morphological organization of SVZ is altered during acute and chronic inflam-
mation [98]. Specific infiltration of T-cells and macrophages takes place in the
SVZ after EAE. These cells elevate the levels of cytokines like TNF-a and IFN-c,
which in turn upregulate the production of the NPCs chemokine CXCL10, a
chemokine involved in the attraction of microglial/macrophage cells to the SVZ
[98]. Most EAE animal models spontaneously recover from neuroinflammatory-
induced demyelination and neurodegeneration, a feature that does not completely
occur in human MS [192]. Interestingly, this remyelination is induced by oligo-
dendrocytes arising from NPCs. Reduction of microglial activation increases
NPCs proliferation and enhances the production of oligodendrocyte precursors
in the SVZ [92]. Thus, endogenous neural precursors could be an ideal target to
promote total remyelination on MS.

Huntington’s disease (HD) is a hereditary disorder caused by a highly poly-
morphic CAG trinucleotide repeat expansion in the exon-1 of the gene encoding
for huntingtin protein and characterized by striatal neurodegeneration, leading to
typical motor and cognitive impairments. HD patients showed increased neuro-
genesis in the SVZ which also correlates with the severity of the illness [193].
However, decreased neurogenesis in the DG, and no changes in the SVZ, have
been observed in mouse models of HD [reviewed in 194]. There is a strong
inflammatory component on this disease, but a relationship between microglial
activation, its effects on neurogenesis, and HD pathology has not been yet properly
addressed [revised in 195].

Parkinson’s disease (PD) is characterized by progressive degeneration of
dopaminergic neurons of the substantia nigra (SN). Neuroinflammation and

Table 14.4 Neurodegenerative diseases, microglia, and adult neurogenesis

Disease In vitro effect In vivo effect References

Multiple
sclerosis

SVZ [92, 98]
Altered morphology
; proliferation

Huntington’s
disease

SVZ [193, reviewed in
194, 195]Both :and no changed

neurogenesis
DG
; neurogenesis

Parkinson’s
disease

: neurogenesis (SN,
striatum, DG and SVZ)

[reviewed in 83]

Alzheimer’s
disease

Microglial conditioned media
from PS mutants

; neurogenesis [reviewed in 199,
200]

; proliferation and neuronal
differentiation

Microglia exposed to
agregated amyloid b

; survival
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microglial cell activation is also a main signature of the disease. In animal models
of PD, neurogenesis is increased in the SN, striatum, DG, and SVZ [reviewed in
83]. However, interestingly, the relationship between the neuroinflammatory
response in PD animal models and increased adult neurogenesis has not been
carefully addressed. Moreover, in animal models of PD, microglial cells of the SN
enter in a ‘‘primed’’ state in which IL-1a and IL-1b transcription is enhanced, but
their translation is blocked [196]. Godoy et al. demonstrated that, in a rat model of
PD, LPS administration exacerbates neurodegeneration in the SN and induces
increased production of IL-1b, an effect detrimental for adult neurogenesis [197].

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the
presence of beta-amyloid plaques and neurofibrillary tangles [198]. Deposition of
beta-amyloid peptide induces a chronic inflammatory response leading to activa-
tion of microglial cells and astrocytes, releasing different cytokines and chemo-
kines into the brain parenchyma [199]. Despite some discrepancies, most studies
carried out on AD mouse models show reduced SVZ and DG adult neurogenesis
[reviewed in 200]. Conditioned media from microglial cells of mice carrying
presenilin variants, proteins linked to familiar AD, have been shown to impair
proliferation and neuronal differentiation of hippocampal NPCs. In vivo, EE is
unable to increase adult neurogenesis in these presenilin transgenic mice, an effect
attributed to microglial dysfunction [201]. Moreover, microglial cells exposed to
aggregated beta-amyloid induce a decrease in the survival of SVZ NPCs [202].
Treatment with diverse cytokines that affect adult neurogenesis, by acting on
microglial cells, like IL-10, IL-4 and IFN-c, are effective in increasing neuro-
genesis and recover memory deficits in AD mouse models [117, 131, 202].
Furthermore, induction of a T cell response (Th2) using glatiramer acetate
decreases the accumulation of amyloid plaques, enhances DG adult neurogenesis,
and reduces spatial memory deficits in a mouse model of AD. Interestingly, the
effect of glatiramer was suggested to be mediated by a change in microglia which
become dendritic-like cells (expressing CD11c) and produce IGF-1 [202]. Thus,
modulation of T cell response and its interaction with microglial cells could serve
as a useful therapeutic target to improve cognitive capacities, promote adult
neurogenesis and regulate the inflammatory, and phagocytic activity of microglia
on AD.

14.10 Conclusions

The analysis of current data about microglia interaction with the adult neurogenic
niche reveals the need for more intensive research on this field. Although some
studies address the effect of microglia on adult neurogenesis during brain
inflammation and neurodegeneration, there is still a lack of understanding about
the role of microglia in healthy neurogenic niches. Involvement of microglia on
dendritic and axonal development, synaptic maturation and cell death, as well as in
injury-stimulated neurogenesis has not been deeply studied. Importantly, effects of
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microglia on neuroblast migration through the RMS and in the OB have not been
properly evaluated. Despite this, we know that microglial cells express different
molecules to communicate with NPCs and other components of the neurogenic
niche, which endows these cells with the potential to regulate and maintain normal
neurogenesis. New exciting data suggest that alteration of the relationship between
microglia and neurogenic niche elements underlies the outcome of diverse CNS
pathologies. In fact, regulation of microglial activity seems to be efficient against
some pathological situations, but could trigger side effects on adult neurogenesis.
We should consider whether such strategies also change adult neurogenesis in a
positive or negative manner, and how this impact brain functions.

Microglial cells hold an immense, but poorly explored, potential as proneuro-
genic agents. Importantly, microglia possess the ability to produce/release
and unleash signaling cascades that will inevitably play a role in neurogenesis.
Modulating the release of these extrinsic factors, that regulate defined features of
the neurogenic process, and the interaction between microglia and other cellular
partners could be an important strategy in the amelioration or treatment of CNS
disorders.
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Chapter 15
Immunosuppressive Properties
of Mesenchymal Stromal Cells

Francesco Lanza, Diana Campioni, Endri Mauro,
Annalisa Pasini and Roberta Rizzo

Abstract The main interest in mesenchymal stromal cells (MSCs) is correlated with
their ability to suppress the proliferation of T lymphocytes induced by mitogenic
agents and alloantigens which regulate the transplantation rejection. Moreover,
MSCs are resistant to the CD8+ T lymphocyte cytotoxicity, they are able to inhibit
the differentiation of dendritic cells responsible for the antigen presentation, the
proliferation, and antibody production of B lymphocytes and they stimulate the
formation of regulatory T cells. The mechanisms at the basis of MSCs activity
need cell–cell interaction and the secretion of soluble molecules induced by the
micro-environment. The inhibitory functions of MSCs involve several soluble
molecules as hepatocyte growth factor, transforming growth factor-beta, interleukin-10
and -2, tumor necrosis factor-alpha, prostaglandin E2, indoleamine 2,3-dioxygenase
(IDO), and soluble HLA-G antigens. A large consensus has been obtained on the
immuno-modulatory role of IDO and HLA-G molecules.

15.1 Introduction

Human multipotent mesenchymal stromal cells (hMSCs), first described by
Friedenstein in 1970 [1] as nonhematopoietic cell precursors with osteogenic
potential, represent stem cells for nonhematopoietic tissues [2]. The functional and
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immunophenotic characteristics of stromal cells have been recently reviewed and
redefined by International Society for Cellular Therapy (ISCT) [3]: they must be
defined as hMSCs, which are a plastic adherent cell population that retain in vitro
clonogenic potential (defined by the presence of the fibroblast-colony forming unit,
(CFU-F) [4, 5] (Fig. 15.1a, b), capable of supporting hematopoiesis [6, 7] and
having a differentiation capacity toward a number of different cell types (osteo-
blasts, chondrocytes, adipocytes, myocytes) [8–11]. Bone marrow (BM)-derived
hMSCs have been described to form in vitro stromal layers also with other
adherent nonhemopoietic cells such as endothelial cells or with the transiently
adherent macrophages (Fig. 15.1b, c). In vitro and in vivo studies also showed that
hMSC could differentiate into cells of nonmesodermal origin such as neurons, skin
and gut epithelial cells, hepatocytes, and pneumocytes [12].

By using multicolor flow cytometry, the existence of morphologically distinct
hMSCs subsets has been proposed, further allowing the identification of a func-
tional subpopulation of rapidly in vitro self renewing (RS1) MSC [13]. Recent data
using carboxyfluorescein succimidyl ester (CFDA-SE) [14], that is a lipophilic dye
that irreversibly couples to cellular proteins and determine the division history of
cell populations undergoing proliferation, partially confirmed Colter findings, and
suggested the presence of different MSC subpopulations having a heterogeneous
proliferative pattern. Moreover, these functionally defined hMSC subsets dis-
played a distinct gene profile [15].

MSC are also capable of expressing genes of embryonic origin, cell–cell
contact molecules, different extracellular matrix proteins, collagen, and fibronectin.
hMSC may also secrete chemokine ligands (including CCL2,CCL4, CCL5,
CCL20, CXCL8.) and interleukins (SDF-1, IL-6, IL-7, IL-8, IL-10, IL-11, IL-12,
SCF, etc.) that regulates microenvironmental homeostasis. hMSC can produce
leukemia inhibitory factor, granulocyte-colony stimulating factor, granulocyte–
macrophage colony stimulating factor [16, 17].

hMSC are initially isolated and characterized from the BM, but could be also
obtained from other different sources such as amniotic membrane, skin, adipose
tissue, cord blood, fetal liver, placenta, and synovium [18]. Whereas MSC have
historically been thought to be the same general population of cells regardless of
the tissue source, recent data suggest that hMSC gene expression profile reflects
their tissue origin, indicating that hMSC tissue heterogeneity is biologically
relevant [19].

15.2 Immunophenotypic Characteristics of MSC

The isolation of hMSC from primary tissues is hampered by the limited selectivity
of available markers while cultured hMSC may be defined only by a combination
of nonspecific immunophenotypic markers. The in vivo phenotype of hMSC has
been difficult to establish because of the exceptionally low frequency estimated on
about 0.01–0.1%. Moreover, there are no universally accepted antigenic
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Fig. 15.1 A classical BM-derived CFU-F growing in culture (a) and stained with May-Grünwald
Giemsa is reported (b). Alkaline-phosphatase (ALP) positive BM-MSC (blue cells) growing in
mixed culture after ex vivo expansion with BM-derived endothelial cells that resulted ALP
negative (c). BM-derived endothelial cells (red cells positive to CD31 antigen) have been
observed in ex vivo expanded MSC monolayers (blue cells) (d)
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determinants for the phenotypic characterization and isolation of hMSC. Only few
markers have been developed and proved to be suitable for hMSC isolation.
Functionally isolated MSC do not provide any information about the antigenic
composition of the starting population. A variety of surface markers are exclu-
sively found on cultured hMSC but not on their primary counterparts (such as
CD271 or CD56 that are highly expressed on primary hMSC progenitor cells but
rapidly downregulated in cultured hMSC). In 1990, Simmons and colleagues
identified a stromal cell precursors in human BM by a ‘‘novel’’ monoclonal
antibody, STRO-1, in a murine model [20]. Most of the monoclonal antibodies
now available recognize also normal fibroblasts and mesenchymal derived stromal
cells [21, 22]. No standardized protocols exist, nevertheless several protocols have
been used to facilitate the prospective isolation of hMSC [23]. To identify
‘‘naïve’’ hMSC, successfully positive selection with antibodies against surface
molecules such as CD49 [24] frizzled-9 (FZD-9, Wnt receptor) CD349, CD56,
CDCP1, CD73, [25, 26] and in particular CD105, D7Fib [21], were used. Isolation
and characterization of CD146 positive hMSC have been also analyzed revealing
their specific miRNA expression profile [26]. Some studies showed that hMSC
may be enriched by negative selection based on the depletion of CD45, CD14,
CD34, and/or glycophorin A (CD235) markers. The CD271 seems to be one of the
most specific markers [27] especially in combination with the CD56, and MSCA-1
[24] to purifty nonexpanded MSC progenitor cells (Fig. 15.2). Using high sensi-
tive flow cytometry, other authors have demonstrated that SSEA-1 and SSEA-4
could identify BM-hMSCs [28], suggesting how these markers may be prospec-
tively used to identify the most primitive progenitors with embryonic stem
cell-like-features. More recently, it has been shown that mesenchymal and
hemopoietic cells form a unique BM niche in which nestin positive cells are hMSC
[29] and that CD146/CD271 expression on primary nonhematopoietic BM stem
cells is correlated with in situ localization [30]. BM-MSC precursors express also a
neural ganglioside (GD2) [31] that is not expressed by hemopoietic cells.

The immunophenotype of ex vivo expanded hMSC is currently defined by
ISCT that between 2005 and 2006 has established the nomenclature and the
minimal criteria for defining mesenchymal multipotent stromal cells [3] as showed
in Table 15.1.

So far, immunophenotypic analysis of cultured hMSC from most of the labo-
ratories demonstrated that hMSC fulfilled general immunophenotypical criteria as
stated by ISCT as above reported [3] hMSC are reported to be uniformly positive
for CD90, CD105, CD73, and negative for stem cell antigen CD34 and CD45 pan-
leukocyte marker, and also for monocytic and lymphocytic cell antigens such as
CD14, CD19, CD79a, HLA-DR by using flow cytometry. Other studies demon-
strated the hMSC positivity for other antigens such as adhesion molecules (CD29,
CD106, CD105, CD166, CD36), extracellular matrix protein (CD90, CD44),
hemopoietic markers (CD10, CD59), histocompatibility antigens (HLA-I and II
class) [21, 22], chemokine receptors (CD210, IL-10 receptor, CD184-SDF-1
receptor) [32], neural and endothelial receptors (CD271, CD146). Only few studies
analysed hMSC phenotype by a multiparametric cytofluorimetric approach
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Fig. 15.2 A flow cytometric protocol for the study of nonexpanded MSC is shown. The putative
MSC progenitor cells in BM fresh samples were gated on viable cells (P1), CD45medlow (P2),
and CD271 (P3) positive fraction (a, b). c and d show two distinct patients affected by HM
having a different percentage of CD271 positive MSC progenitor cells. Selected CD271+ positive
cells from BM fresh samples are visible after staining with May-Grünwald Giemsa (e) and during
the in vitro culture (f)
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[33, 34]. Standardized protocol in functional and phenotypic hMSC analysis are
needed. A 4 colors cytofluorimetric protocol to study the immunophenotype of
hMSC has been recently proposed [35, 36]. From these studies it was stressed that
CD45+ positive cells as well as endothelial cells should be gated out from hMSC
analysis (Fig. 15.1). Furthermore, in hematological malignancies (HM) blast cells
resulted sometimes strictly adherent to in vitro expanded BM-derived MSC, thus
rendering difficult the assessment of hMSC phenotype. (Fig. 15.3). Moreover, the
use of 7-AAD (7-aminoactinomycin) or Cytox 13 to identify nonviable cells is
recommended [37].

An emerging paradigm is that hMSCs could have key functional roles in the
tissue in which they reside but phenotypic and functional characteristics under
their ex vivo expansion conditions including different isolation methods, culture
protocols: use of serum free, platelets lysate, additional cytokines, density, growth
supplements, passages, effects of cryopreservation are still not elucidated [38–41].
For example the hMSC tissue source (normal vs. pathologic, and different tissues,
donors variability, age in culture) may be also critically important in determining
their biological activity (heterogeneity of gene expression) [42]. All these vari-
ables might have implications on the selection of cell type generating possible
functionally and phenotypically distinct hMSC subsets and altering the hMSC
clonogenic and plastic potential [43]. These observations suggest that the cell
processing protocols can be modified to enhance or repress expression of specific
gene in order to optimize the cytokine profile for a given clinical indication.
Standardized protocol has to be developed assuring that the manufactured cells
behave solely in the clinical intended purpose [44, 45] and do not exert adverse
effects such as for example, uncontrolled differentiation or transformation.

The challenge for scientist is translating research into clinical scale manufac-
turing of mesenchymal stromal cells [46] even though this is still completely not
achieved.

Present definitions of hMSC emphasize generic functional properties of these
cells and fail to distinguish for example these cells from generic fibroblasts and to
detect subsets of stromal cells with specialized niche functions [47, 48].

Emerging data focused on hMSC immunophenotype with special regards to the
expression of Thy-1 (CD90) molecule, and in a lesser extent to the LNGFR

Table 15.1 Minimal criteria
to define MSC as established
by ISCT

Phenotype positive (C95%) Phenotype negative (B2%)

CD105 CD45
CD73 CD34
CD90 CD14 o CD11b

CD79a o CD19
HLA-DR

Adherence to plastic
Specific surface antigen (Atg) expression
Multipotent differentiation potential: osteoblasts, adipocytes,
chondrocytes (demonstrated by staining of in vitro cell culture)
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(CD271), CD105, CD44, CD10, CD146 molecules expression since they could
give informations about different hMSC specialization of function. For example
differences related to the expression of CD105, CD106, CD44 by cultured human
BM-derived hMSCs from hematological patients (HM-MSCs) as compared to

Fig. 15.3 In a and b the same BM-derived MSC from a normal sample are cultured in two
different media: in a with serum and in b without serum but with different type of cytokines. After
20 days of in vitro culture the percentage of CD45+ positive hematopoietic cells is reduced as
showed in the little cytometric plot. In c and d two different examples of in vitro expanded BM-
derived MSC from patients with respectively a chronic lymphoprolipherative disorder and acute
myeloid leukemia where blasts are strictly adherent to the autologous MSC layer after 30 days of
culture and different changes of the medium
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normal samples (NS) and Skin fibroblasts (SF) seem to be correlated to a different
differentiation, and adhesion capacity by hMSC [49, 50].

These data may have therapeutic implication, since the use of autologous
hMSCs has been proposed in a wide range of clinical applications including those
in the area of the regenerative medicine and cell therapies.

15.3 Immunological Functions of MSC

In the last years several studies have demonstrated the peculiar immunological
characteristics of hMSCs, as low antigenicity and high immunomodulatory ability,
suggesting their clinical use to counteract graft versus host disease (GvHD), one
of the most frequent and severe complication in allogeneic BM transplantations
[51–53]. hMSCs share surface markers with thymic epithelial cells and express
adhesion molecules for T lymphocyte interaction, as vascular adhesion molecule 1
and intracellular adhesion molecule 2. The low antigenicity of hMSCs is mainly
caused by the low expression of classical human leukocyte antigen (HLA) class I
molecules and the complete absence of HLA class II antigens and co-stimulatory
molecules as CD80 (B7-1), CD86 (B7-2), and CD40 [52]. The main interest in
hMSCs is correlated with their ability to suppress the proliferation of T lympho-
cytes induced by mitogenic agents and alloantigens which regulate the trans-
plantation rejection [54]. Moreover, hMSCs are resistant to the CD8+
T lymphocyte cytotoxicity, they are able to inhibit the differentiation of dendritic
cells responsible for the antigen presentation, the proliferation, and antibody
production of B lymphocytes and they stimulate the formation of regulatory
T cells. These hematopoietic precursors are able to mediate a dose-dependent
tolerogenic activity toward both innate and adaptative immunity. The mechanisms
at the basis of hMSCs activity need cell–cell interaction and the secretion of
soluble molecules induced by the micro-environment. The inhibitory functions of
hMSCs involve several soluble molecules as hepatocyte growth factor,
transforming growth factor-beta (TGF-beta), interleukin-10 and -2 (IL-10, IL-2),
tumor necrosis factor-alpha (TNF-alpha), prostaglandin E2 (PGE2), indoleamine
2,3-dioxygenase (IDO) [55, 56], and soluble HLA-G antigens [53]. A large
consensus has been obtained on the immuno-modulatory role of IDO and HLA-G
molecules (Fig. 15.4) described as follows:

15.3.1 Indoleamine 2,3-dioxygenase

IDO is an immuno-modulatory enzyme that, with the epathic enzyme tryptophan
2,3 dioxygenase, catalyzes the degradation of the essential amino acid L-trypto-
phan to N-formylkynurenine [55]. The physiological role of IDO is not yet well
understood, but its ubiquitary distribution, its up-modulation by several cytokines,
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as IFN-c and the ability to control the tryptophan levels, an essential amino acid
for cellular survival, increases the interest for this enzyme. In antigen presenting
cells the expression of IFN-c-induced IDO converts tryptophan into formylky-
nurenine with an immuno-suppressive effect toward T lymphocytes inducing the
inhibition of their proliferation and activation [56]. MSCs present a costitutive
expression of IDO. The presence of hMSCs and IDO in mixed lymphocyte
reactions inhibits lymphocyte proliferation, which is partially reactivated adding
tryptophan to cell cultures [57]. The partial response of lymphocyte after trypto-
phan treatment is due to the production of metabolites by IDO activity which
contrasts T cell proliferation [58]. The immuno-modulatory role of IDO is con-
firmed by the abrogation of rat heart transplant survival after administration of
1-methyl tryptophan which inhibits IDO activity [59]. These data suggest IDO as a
soluble factor implicated in the complex immuno-modulatory system of hMSCs.
Spaggiari et al. [60] have demonstrated that hMSCs are able to inhibit the pro-
liferation of natural killer (NK) cells, the expression of activatory NK cell
receptors (NKp44, NKp30, NKG2D) and the induction of cytotoxic activity and
cytokine production. The inhibition of IFN-c receptor 1 (IFN-c R1) on hMSCs and
the consequent down-modulation of IDO production is not able to affect

Fig. 15.4 MSCs effect on immune system cells mediated by IDO and HLA-G molecules.
Membrane (m) and soluble (s) HLA-G molecules from MSCs is able to inhibit the lytic activity
of natural killer (NK) cells and their secretion of interferon-gamma (IFN-c), the cytotoxic activity
of CD8+ T cells and their secretion of IFN-c and interleukin-5 (IL-5), to induce regulatory T cells
(T reg) and their secretion of interleukin-10 (IL-10). IDO from MSCs creates an immunosup-
pressive micro-environment inhibiting NK cell and CD8+ T lymphocyte cytotoxicity and
cytokine secretion
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completely the hMSCs ability to control lympho-proliferation, suggesting the
presence of alternative ways for the hMSC immuno-modulatory functions [61].

15.3.2 HLA-G Molecule

HLA-G antigen is a nonclassical HLA class I molecule with immuno-modulatory
functions. It is characterized by seven mRNA splicing isoforms, four membrane-
bound (HLA-G1,G2, G3, G4) and three soluble (HLA-G5, G6, G7). Both soluble
and membrane-bound isoforms are able to inhibit several immune functions as
lytic and cytotoxic activity of NK cells and T CD8+ lymphocytes, the maturation
of dendritic cells, the alloproliferation of CD4+ T lymphocytes, and to induce the
formation of regulatory T cells. HLA-G molecules differ from classical HLA
antigens for their lower allelic polymorphism (47 alleles) and the limited tissue
distribution which is restricted to cytotrophoblasts and thymus in physiological
conditions. HLA-G expression is induced in pathological conditions, as tumors,
organ transplantation, viral infections [62]. Taking into consideration the tolero-
genic functions of HLA-G molecules, they could be a good candidate as a soluble
factor for hMSCs immuno-modulatory activity. Götherström et al. [63] have
demonstrated the presence of HLA-G mRNA in both fetal and adult hMSCs. The
modulation of HLA-G has been documented on the surface of hMSCs [64] and in
their culture supernatants [53]. Several studies have confirmed that the cell–cell
contact between hMSCs and T lymphocyte induces the secretion of HLA-G
molecules and IL-10, a cytokine that is able to up-modulate HLA-G production.
The use of neutralizing antibodies against HLA-G and IL-10 has demonstrated the
importance of soluble HLA-G, induced by IL-10, for the suppressive effect of
hMSCs toward cell proliferation [53], cytotoxic activity, and IFN-c secretion by
NK cells, and the ability to induce regulatory T CD4+CD25highFoxP3+ cells for-
mation [65]. These data suggest a fundamental role for HLA-G antigens in the
tolerogenic function of hMSCs. Interestingly Ning et al. [66] have reported a
correlation between co-transplantation of hMSCs and the increase of hematologic
disease relapse. It is known that the modulation of HLA-G molecules is considered
as a favorable event in pregnancy and organ transplantation, where the regulation
of the cell-mediated immune response is essential for a positive outcome. On the
contrary, the expression of HLA-G molecules is associated with a negative follow-
up in tumors and viral infections, where the tolerogenic function of HLA-G
molecules allows the mutated/infected cells to escape the immune system. The
association between hMSCs co-transplant and tumor relapse could be due to the
ability of HLA-G to increase the risk of cancer [67]. These considerations support
the necessity to evaluate ‘‘a priori’’ the immuno-modulatory activity of hMSCs and
the production of HLA-G could be a good biomarker for this purpose [68].

Different factors could be responsible for the induction of HLA-G expression
by hMSCs. Progesterone, a steroid hormone involved in the female menstrual
cycle, pregnancy, and embryogenesis, is able to up-regulate the HLA-G expression
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by hMSCs [69]. These data could explain the ability of progesterone in regulating
uterine immune function in ways that allows for inhibition of immune responses at
the utero-placental interface without systemic immunosuppression.

hMSCs are newly detected targets for immunomodulatory activity and HLA-G
molecules could be an important factor of this mechanism (Fig. 15.4). The available
data suggest that there is a redundancy in the mechanisms of immunosuppression by
hMSCs and only a complete comprehension of these suppressor mechanisms will
offer an insight into the clinical use of these cells in human therapy.

15.4 Immunophenotype and Immunoregulation

Since differences in molecules’ expression could give informations about different
specialization of function and hMSC heterogeneity, some authors have focused on
the hMSC immunophenotype in relation to their immunomodulant properties. The
low antigenicity of hMSCs is mainly caused by the low expression of classical
HLA class I molecules and the complete absence of HLA class II antigens and
co-stimulatory molecules as CD80 (B7-1), CD86 (B7-2), and CD40 [52]. Never-
theless the expression of class II HLA-DR molecule on BM-derived hMSCs from
patients with lymphoprolipherative disorders has been described [70]. Moreover,
other studies reported up-regulation of MHC class II molecules only after pre-
treatment with IFNy and TNF-a or FGF [71]. On the other hand, the down-
regulation of some antigens expression seems to be associated with multilineage
differentiation in cord blood-derived hMSC [49]. Very interesting is the finding
that (BM) derived hMSCs from HM isolated and cultured under in vitro angio-
genic conditions exhibit a depressed expression of CD90 antigens that resulted
associated with high in vitro proliferative rate but with a diminished immuno-
suppressive cell activity on T cell proliferation [72] suggesting the Thy-1 molecule
may be considered a marker implicated in the hMSC inhibitory ability and might
cooperate with HLA-G molecule in regulating suppressive versus stimulatory
properties of hMSC.

The immunomodulant role of some hMSC immunophenotypic subsets has been
recently demonstrated. For example, the CD105+, Stro-1, and CD271+ positive
fraction displayed immunomodulant properties [73, 74].

15.5 MSC Clinical Application: an Overview

Based on their multipotential capabilities and immunosuppressive effects on
T lymphocytes proliferation [53, 75], hMSCs could be used and expanded for
clinical applications in cell therapy as well as in regenerative medicine [76–80].
However, a number of issues still need to be solved before its widespread use in the
clinics, namely a very low percentage of engraftment after systemic infusion, and
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the absence of definitive evidences about a therapeutic effect. In fact, it is still
unclear whether hMSCs contribute to tissue repair by differentiation into tissue-
specific cell types, or mediate a paracrine effect [81]. Secretion of soluble mediators
seems to be the predominant mechanism of action after systemic infusion of hMSC.
Recent evidences [81] sustain the hypothesis about a paracrine role of hMSC that
are able to: (1) differentiate and populate the resident tissue, giving them a thera-
peutic potential for regenerative medicine; (2) secrete cytokines or other soluble
mediators, (3) serve as a vehicle for delivery of proteins and gene therapy.

To date, administration of hMSC proved to be safe and also efficacious in a
variety of disorders. hMSC are increasingly used in many preclinical as well as
clinical settings. Many animal models have been used to assess the in vivo hMSC
effect on tissue transplantation and autoimmunity.

Ectodermal regeneration has been described for hMSC that can differentiate
into epidermal cells.

BM-derived hMSC have shown neural differentiation by different experimental
protocols (chemical agents, growth factors, co-culture with other neuronal
cells) [82]. When used in vivo hMSC can survive and differentiate into neural–
glial cells. Neurological recovery has been shown in animal models of Parkinson’s
disease [83], hypoxic–ischemic neural damage. Recent data provide remarkable
cues regarding the potential of hMSC in promoting endogenous reparative
mechanisms that may prove applicable and promising therapeutic applications in
Parkinson’s disease [84, 85]. hMSC regenerative activity in humans has been
described in the treatment of autoimmune diseases characterized by autoimmune
axonal demyelination associated with inflammation [multiple sclerosis and
experimental encephalomyelitis (EAE)]. Nevertheless, in these cases the beneficial
effect seems to be related to the inhibition of autoreactive cells in lymphoid organs
while the direct contribution to neuroregeneration in chronic EAE is still contro-
versial [86].

The role of hMSC in mesodermal regeneration, especially bones, cartilage,
tendons, and muscles has been described. hMSC in vivo differentiation toward
osteoblastic and chondrogenic pathway was demonstrated by use of combination
of hMSC plus biomaterials and heterotopic implantation and directly in human
after infusion, suggesting an important role for these cells in bone and cartilage
repair and in the treatment of osteoarthritis [76, 78].

BM-derived hMSC can differentiate in vitro in cardiomyocytes if treated with
5-azacytidine and once injected in an infarcted heart, they reduce infarct size.
Spontaneous differentiation of adipose tissue-derived hMSC into beating cardio-
myocytes has been also observed [87]. Moreover, human cardiac and BM-derived
stromal cells exhibit distinctive properties in cardiac repair related to their origin
[88] and their pre-activation demonstrated greater cytoprotection than unmodified
hMSCs [89]. They could be also implanted in vascular prosthesis or scaffold
ameliorating the restoration of vascular wall [90]. The beneficial effects of hMSC
therapy in cardiovascular disease may involve multiple mechanisms: hMSC secrete
a large amount of factors that could help resident cells to survive and could promote
angiogenesis. hMSC can also differentiate and/or stimulate endothelial cell
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proliferation suggesting that paracrine effects are more likely responsible despite
infrequent cellular fusion or differentiation or limited engraftment. Recently,
induced pluripotent stem cell-derived cardiovascular progenitor cells represent a
suitable autologous cell source for myocardial regeneration as they have the
capability to form myocardial cells and to contribute to revascularization [91].

hMSC are also involved in endodermal regeneration since they can be induced
into hepatic differentiation and may serve as alternative for hepatocyte trans-
plantation, cell-based therapy for liver injury, and preclinical drug testing [92].
hMSC may help in inducing regeneration and/or proliferation of resident insulin-
producing cells in diabetes disease models [93].

The use of hMSC in many kidney disorders (involving both ischemic/
inflammatory and immunological injury) has been considered as a clinically
relevant solution as alternative to pharmacologic agents that target only a single
event or pathway in the pathophysiology of a given disease. In contrast to con-
ventional therapy hMSC use can promote cellular repair and tissue remodeling.
Infusion of hMSC enhanced recovery and renal function [94, 95].

15.5.1 hMSC and Tissue Engineering

hMSCs-mediated tissue regeneration is a promising approach for tissue repair. The
use of hMSC in three-dimensional (3D) scaffolds is promising even though it is
limited by the need for an ideal scaffolds. The ideal scaffold is expected to be
biocompatible and biodegradable mimicking the structure and function of the
native extracellular matrix. The hMSC loaded on 3D scaffold are allowed to
interact with the damaged area, wherein they generate and replace the tissue
especially in the presence of specific molecules that could promote cell signaling,
proliferation, and differentiation. For example, BMP-2 or bFGF growth factor are
often associated with ceramics supports, or injected in a carrier material such as
poly-lactic-co-glycolic acid, or gelatin, and collagen thus improving bone and
tendon formation [96].

15.5.2 MSC and Clinical Application in Gene Therapy

The ability to transfer genes into hMSC and the ability of MSC to migrate to a
lesion provided evidences for a possible use of hMSC in clinical application. MSC
was successfully transfected with BMP-2 and injected in articular fractures [97].
Transplantation of IL-7 gene-engineered hMSC into lethally irradiated mice led to
significant increase in tymopoiesis and protected from GvHD [98]. For example,
cell-mediated delivery of TRAIL in BM-MSC to metastatic rhabdomyosarcoma
tumor sites can repress the growth of tumor. Targeted delivery of TRAIL to tumors
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may allow systemic exposure of patients to drugs that may overcome resistance for
TRAIL-induced apoptosis in RMS cells [99].

15.5.3 MSC for Improvement of Engraftment and Treatment/
Prevention GVHD

Several disorders are characterized by both inflammation and tissue defects and
hMSC has been shown to provide a valid alternative to pharmacological therapy to
treat this clinical conditions. Nevertheless, it is sometimes unclear whether efficacy
of hMSC is due to their production of trophic factors which stimulate endogenous
repair mechanism through an immunomodulatory effect, or a putative direct dif-
ferentiation into various cell types.

Recent studies have demonstrated that cotransplantation of BM-derived HSC and
adipose tissue-derived hMSC induced a rapid and efficient hematopoietic reconsti-
tution [100, 101]. Relevant preclinical studies with hMSC have shown that hMSC
exert potent immunosuppressive effect in vitro and in vivo reducing the risk of graft
failure and incidence of acute GvHD [102]. Allogeneic hMSC have been used to
treat severe aplastic anemia refractory to conventional treatment and not eligible for
allogeneic HSC transplantation, for inflammatory and autoimmune diseases such as
Chron’s disease [103, 104]. However, treating GVHD with hMSC might be a dou-
ble-edged sword [67, 105] since has been demonstrated that the risk of the relapse
was increased and the survival decreased in the hMSC treated group [66]. It was also
shown that when hMSC were infused at the onset of GVHD there was no therapeutic
effect, suggesting in this model that hMSC have a greater role in prophylaxis than
treatment [106]. These data support a previous observation that immunosuppressive
effects are exerted more on T cell proliferation than on effector function. Moreover,
not all studies give concordant or positive results and several factors are likely to
contribute to these discrepancies, including the tissue sources and method of
isolation and expansion of hMSC, the immunodepletion process, the dose and
scheduling of hMSC administration. Another possible explanation for the lack of an
anti-GVHD effect is that, despite the putatively immunoprivileged features of hMSC
the cells could be rejected. Furthermore, in the context of a steroid-resistant acute
GVHD where a patient could have a fatal outcome weeks or months later, the
administration of hMSC to manage this life-threatening condition resulted feasible,
despite the limited and not standardized preclinical data available [107].

15.6 Potential Risks of Use of MSC

Human MSC maintained under standard culture conditions were shown to be
nontumorigenic, however, several reports presented their capability to modulate
tumor microenvironment thus having an impact on the tumor behavior [108].
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The complex relationship between hMSC and tumors should be better clarified
and the potential risks related to the use of hMSC should be better investigated.
Furthermore, hMSC may provide a support for leukemia blasts growth and relapse,
and more studies are required to better understand the factors affecting malignant cell
quiescence versus proliferation during hMSC-tumor cells interactions [109, 110].
Recent concerns have been expressed about the potential transformation of hMSC
during the culture process before infusion. hMSC were found rarely to help tumor
development due to their immunosuppressive capacity [111]. However, the nature
and the role of hMSC in their microenvironmental niche should be further explored.
Moreover, although it has been demonstrated that ex vivo expansion processing
of hMSC is feasible and should be obtained according to GMP and regulation
constraints [46], definitive standards to produce clinical grade hMSC are still
lacking.

In conclusion, the emerging functional and immunophenotypic heterogeneity
of hMSCs in relation either to anatomical sites, or donor type (normal vs. path-
ological) or the different culture expansion conditions, should be carefully
considered as an important step before using hMSC for clinical purposes before
reinfusion after ex vivo expansion.

References

1. Friedenstein AJ, Chailakhyan RK, Lalykina KS (1970) The development of fibroblast
colonies in monolayer cultures of guinea pig bone marrow and spleen colonies. Cell Tissue
Kinet 3:393–403

2. Prockop DJ (1997) Marrow stromal cells as stem cells for non-hematopoietic tissues.
Science 276:71

3. Dominici M, Le Blank K, Prockop DI, Howartz E (2006) Position paper: minimal criteria
for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 8:315–317

4. Dexter TM (1979) Cell interactions in vitro. Cin Haematol 8:453–468
5. Castro-Malaspina H, Gay RE, Resnik G, Kapoor N, Meyers P, Chiarieri D, McKenzie S,

Broxmeyer HE, Moore MA (1980) Characterization of human bone marrow fibroblast
colony-forming cells (CFU-F) and their progeny. Blood 56:289–301

6. Tavassoli M, Friedenstein A (1983) Hemopoietic stromal microenvironment. Am J
Haematol 15:196–203

7. Eaves AC, Eaves CJ (1988) Maintenance and proliferation control of primitive hemopoietic
progenitors in long-term cultures of human marrow cells. Blood Cells 14:355–368

8. Owen M, Friedenstein AJ (1988) Stromal stem cells: marrow-derived osteogenic precursors.
Ciba Found Symp 136:42

9. Wulf GG, Jackson KA, Goodell MA (2001) Somatic stem cell plasticity: current evidence
and emerging concepts. Exp Hematol 29:1361–1370

10. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, Moorman MA,
Simonetti DW, Craig S, Marshak DR (1999) Multilineage potential of adult human
mesenchymal stem cells. Science 284:143

11. Di Girolamo CM, Stokes D, Colter D, Phinney DG, Class R, Prockop DJ (1999)
Propagation and senescence of human marrow stromal cells in culture: a simple colony-
forming assay identifies samples with the greatest potential to propagate and differentiate.
Br J Haematol 107:275–281

15 Immunosuppressive Properties of Mesenchymal Stromal Cells 295



12. Reyes M, Lund T, Lenvik T, Aquiar D, Koodie L, Verfaillie CM (2001) Purification and
ex vivo expansion of postnatal human marrow mesodermal progenitor cells. Blood 98:
2615–2625

13. Colter DC, Sekiya I, Prockop DJ (2001) Identification of a subpopulation of rapidly self-
renewing and multipotential adult stem cells in colonies of human marrow stromal cells.
PNAS 98:7841–7845

14. Urbani S, Caporale R, Lombardini L, Bosi A, Saccaridi R (2006) Use of CFDA-SE for
evaluating the in vitro proliferation pattern of human MSC. Cytotherapy 8:243–253

15. Taormin A, Brune JC, Olsson E, Valcich J, Neuman U, Olofsson T, Jacobsen SE, Scheding S
(2009) Characterization of bone marrow derived MSC based on gene expression profiling of
functionally defined MSC subsets. Cytotherapy 11:114–128

16. Majumdar MK, Keane-Moore M, Buyaner D et al (2003) Characterization and functionality
of cell surface molecules on human mesenchymal stem cells. J Biomed Sci 10:228–241

17. Conget PA, Minguell JJ (1999) Phenotypical and functional properties of human bone
marrow mesenchymal progenitor cells. J Cell Physiol 181:67–73

18. Beltrami AP, Cesselli D, Bergamin N, Marcon P, Rigo S, Puppato E, D’Aurizio F, Verardon R,
Piazza S, Pignatelli A, Poz A, Baccaroni U, Damiani D, Fanin R, Mariuzzi L, Finato N,
Masolini P, Burelli S, Belluzzi O, Schneider C, Beltrami CA (2007) Multipotent cells can be
generated in vitro from several adult human organs (heart, liver, bone marrow). Blood
110:3438

19. Götherström C, West A, Liden J, Uzunel M, Lahesmaa R, Le Blanc K (2005) Differences in
gene expression between human fetal liver and adult bone marrow mesenchymal stem cells.
Haematologica 90:1017–1026

20. Simmons PJ, Torok-Storb B (1991) Identification of stromal precursors in human bone
marrow by a novel monoclonal antibody, STRO-1. Blood 78:55–62

21. Campioni D, Lanza F, Moretti S, Dominaci M, Punturieri M, Pauli S, Hofmann T, Horwitz E,
Castaldi GL (2003) Functional and immunophenotypic characteristics of isolated CD105+
and fibroblasts ? mesenchymal cells from acute myeloid leukaemia: implication for their
plasticity along endothelial lineage. Cytotherapy 5:66–79

22. Buhring HJ, Battula VL, Treml S, Schewe B, Kanz L, Vogel W (2007) Novel markers for
the prospective isolation of human MSC. Ann N Y Acad Sci 1106:262–271

23. Deschaseux F, Charbord P (2000) Human marrow stromal precursors are a1 integrin
subunit-positive. J Cell Physiol 184:319–325

24. Battula VL, Treml S, Bareiss PM, Gieseke F, Roelofs H, de Zwart P, Muller I, Schewe B,
Skutella T, Fibbe WE, Kanz L, Buhring HJ (2009) Isolation of functionally distinct MSC
cell subsets using antibodies aginst CD56, CD271 and mesenchymal stem cell antigen-1
(MSCA-1). Haematologica 94:173–184

25. Bhuring HJ, Kuci S, Conze T, Rathke G, Scherl-Mostageer M, Brummendorf TH,
Schweifer N, Lammers R (2004) CDCP1 identifies a broad spectrum of normal and
malignant stem/progenitor cell subsets of hematopoietic and non-hematopoietic origin.
Stem Cells 22:334–343

26. SorrentinoA, Ferracin M, Castelli G, Biffoni M, Tomaselli G, Baiocchi M, Fatica A,
Negrini M, Peschle C, Valtieri M (2008) Isolation and characterization of CD146+
multipotent mesenchymal stromal cells. Exp Haematol 36:1035–1046

27. Quirici N, Soligo D, Bossolasco P, Servida F, Lumini C, Delivers GL (2002) Isolation of
bone marrow mesenchymal stem cells by anti-nerve growth factor receptor antibodies. Exp
Haematol 30:783–791

28. Gang EJ, Bosnakovsky D, Figueiredo CA et al (2007) SSEA-4 identifies MSC from bone
marrow. Blood 109:1743–1751

29. Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, Lira SA,
Scadden DT, Ma’ayan A, Enikopolov GN, Frenette PS (2010) Mesenchymal and
haematopoietic stem cells form a unique bone marrow niche. Nature 466(7308):829–834

296 F. Lanza et al.



30. Tormin A, Li O, Brune JC, Walsh S, Schtz B, Ehinger M, Ditzel N, Kassem M, Scheding S
(2011) CD146 expression on primary non-hematopoietic bone marrow stem cells is
correlated with in situ localization. Blood 117:5067–5077

31. Martinez C, Hofman TJ, Marino R, Dominaci M, Horwitz EM (2007) Human bone marrow
mesenchymal cells express the neural ganglioside GD2: a novel surface markers for the
identification of MSC. Blood 109:4245–4248

32. Sordi V, Malosio ML, Marchesi F, Mercalli A, Melzi R, Giordano T, Belmonte N, Ferrari G,
Leone BE, Bertuzzi F, Zerbini G, Allavena P, Bonifacio E, Piemonti L (2005) Bone marrow
mesenchymal stem cells express a restricted set of functionally active chemokine receptors
capable of promoting migration to pancreatic islet. Blood 106:419–425

33. Sanchez-Guijo FM, Blanco JF, Cruz G, Muntion S, Gomez M, Carrancio S, Lopez-Villar O,
Barbado MV, Sanchez-Abarca LI, Blanco B, Brinon JG, Del Canizo MC (2009)
Multiparametric comparison of mesenchymal stromal cells obtained from trabecular bone
by using a novel isolation method with those obtained by iliac crest aspiration from the
subjects. Cell Tissue Res 336(3):501–507

34. Landuyt KBV, Jones EA, McGonagle D, Luyten FP, Lories RJ (2010) Flow cytometric
characterization of freshly isolated and cultured expanded human synovial cell population in
patients with chronic arthritis. Arthr Res Ther 12:R15

35. Jones E, English A, Kinsey S et al (2006) Optimization of a flow cytometry-based protocol
for detection and phenotypic characterization of multipotent mesenchymal stromal cells
from human bone marrow. Cytometry Part B 70B:391–399

36. Bradford JA, Clarke ST (2011) Panel development for multicolor flow cytometry testing of
proliferation and immunophenotype in h MSCs. Methods Mol Biol 698:367–385

37. Tabera S, Perez-Simon JA, Diez-Campelo M, Sanchez-Abarca LI, Blanco B, Lopez A,
Benito A, Ocio E, Sanchez-Guijo FM, Canizo C, San Miguel JF (2008) The effect of
mesenchymal stem cells on the viability, proliferation and differentiation of B-
Lymphocytes. Haematologica 93:1301–1309

38. Meuleman N, Tondreau T, Delforge A, Dejeneffe M, Massy M, Libertalis M, Bron D,
Lagneaux L (2006) Human marrow mesenchymal stem cell culture : serum-free medium
allows better expansion than classical a-MEM medium. Eur J Haematol 76:309–316

39. Mueller I, Kordowich S, Holzwarth C, Spano C, Isensee G, Staiber A, Viebahn S, Gleseke F,
Langer H, Gawaz MP, Horwitz EM, Conte P (2006) Animal serum-free culture conditions
for isolation and expansion of multipotent mesenchymal stromal cells from human BM.
Cytotherapy 8:437–444

40. Esposito MT, Di Noto R, Mirabelli P, Garrese M, Parisi S, Montanaro D, Del Vecchio L,
Pastore L (2009) Culture conditions allow selection of different MSC progenitors from adult
mouse bone marrow. Tissue Eng Part A 15:124

41. Sotiropoulou PA, Perez SA, Salagianni M, Baxevanis CN, Papamichail M (2006)
Characterization of the optimal culture conditions for clinical scale production of human
mesenchymal stem cells. Stem Cells 24:74–85

42. Kalz N, Ringe J, Holzwarth C, Chrabord P, Niemeyer M, Jacobs VR, Peschel C (2010)
Novel markers of mesenchymal stem cells defined by genome-wide gene expression
analysis of stromal cells from different sources. Exp Cell Res 316:2609–2617

43. Lee RH, Hsu SC, Munoz J, Jung JS, Lee NR, Pochampally R, Prockop DJ (2006) A subset
of human rapidly-self renewing marrow stromal cells (MSCs) preferentially engraft in mice.
Blood 107:2153–2161

44. Samuelsson H, Ringden O, Lönnies L, Le Blanc K (2009) Optimizing in vitro conditions for
immunomodulation and expansion of mesenchymal stem cells. Cytotherapy 11:129–136

45. Grisendi G, Anneren C, Cafarelli L, Sternieri R, Veronesi E, Cervo GL, Luminari S, Maur M,
Frassoldati A, Palazzi G, Otsuru S, Bambi F, Paolucci P, Conte PF, Horwitz E, Dominici M
(2010) GMP-manufactured density gradient media for optimized mesenchymal stromal stem
cell isolation and expansion. Cytotherapy 12:466–477

46. Bieback K, Kinzebach S, Karagianni M (2010) Translating research into clinical scale
manufacturing of mesenchymal stromal cells. Stem Cells Int 2010:193519

15 Immunosuppressive Properties of Mesenchymal Stromal Cells 297



47. Haniffa MA, Collin MP, Buckley CD, Dazzi F (2009) Mesenchymal stem cells: the
fibroblasts’ new clothes? Haematologica 94:258–263

48. Chang HY, Chi JT, Dudoit S, Bondre C, van de Rijn M, Botstein D, Brown PO (2002)
Diversity, topographic differentiation, and positional memory in human fibroblasts. Proc
Natl Acad Sci U S A 99:12877–12882

49. Jin HJ, Park SK, Oh W, Yang YS, Kim SW, Choi SJ (2009) Down-regulation of CD105 is
associated with multilineage differentiation in human umbilical cord derived-MSC.
Biochem Biophys Res Comm 381:676–681

50. Kemp K, Morse R, Wexler S, Cox C, Mallam E, Hows J, Donaldson C (2010)
Chemotherapy induce mesenchymal stem cell damage in patients with haematological
malignancy. Ann Hematol 89:701–713

51. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P, Grisanti S,
Gianni AM (2000) Human bone marrow stromal cells suppress T-lymphocyte proliferation
induced by cellular or nonspecific mitogenic stimuli. Blood 99:3838–3843

52. Le Blanc K, Tammik C, Rosendahl K, Zetterbergie E, Ringdén O (2003) HLA expression
and immunologic properties of differentiated and undifferentiated mesenchymal cells. Exp
Hematol 31:890–896

53. Rizzo R, Campioni D, Stignani M, Melchiorri L, Bagnara GP, Bonsi L, Alviano F, Lanzoni
G, Moretti S, Cuneo A, Lanza F, Baricordi OR (2008) A functional role for soluble HLA-G
antigens in immune modulation mediated by mesenchymal stromal cells. Cytotherapy
10:364–375

54. Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC (2003) Suppression of
allogeneic T-cell proliferation by human marrow stromal cells: implications in
transplantation. Transplant 75:389–397

55. Meisel R, Zibert A, Laryea M, Gobel U, Daubener W, Dilloo D (2004) Human bone marrow
stromal cells inhibit allogeneic T-cell responses by indoleamine 2,3-dioxygenase-mediated
tryptophan degradation. Blood 103:4619–4621

56. Taylor MW, Feng G (1991) Relationship between interferon-gamma, indoleamine 2,3-
dioxygenase, and tryptophan catabolism. FASEB J 5(11):2516–2522

57. Munn DH, Sharma MD, Lee JR, Jhaver KG, Johnson TS, Keskin DB, Marshall B, Chandler P,
Antonia S, Burgess R, Slingwff CL Jr, Mellor AL (2002) Potential regulatory function of
human dendritic cells expressing indoleamine 2,3-dioxygenase. Science 297:1867–1870

58. Terness P, Bauer TM, Rose L, Dufter C, Watzlik A, Simon H, Opelz G (2002) Inhibition of
allogeneic T cell proliferation by indoleamine 2,3-dioxygenase-expressing dendritic cells:
mediation of suppression by tryptophan metabolites. J Exp Med 196:447–457

59. Popp FC, Eggenhofer E, Renner P, Slowik P, Lang SA, Kaspar H, Geissler EK, Piso P,
Schlitt HJ, Dahlke MH (2008) Mesenchymal stem cells can induce long-term acceptance of
solid organ allografts in synergy with low-dose mycophenolate. Transpl Immunol 20(1–2):
55–60

60. Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, Moretta L (2008)
Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine
production: role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood 111(3):
1327–1333

61. Spoerri PE, Caballero S, Wilson SH, Shaw LC, Grant MB (2003) Expression of IGFBP-3 by
human retinal endothelial cell cultures: IGFBP-3 involvement in growth inhibition and
apoptosis. Invest Ophthalmol Vis Sci 44(1):365–369

62. Baricordi OR, Stignani M, Melchiorri L, Rizzo R (2008) HLA-G and inflammatory
diseases. Inflamm Allergy Drug Targets 7:67–74

63. Götherström C, West A, Liden J, Uzunel M, Lahesmaa R, Le Blanc K (2005) Difference in
gene expression between human fetal liver and adult bone marrow mesenchymal stem cells.
Haematol 90:1017–1026

64. Nasef A, Mathieu N, Chapel A, Frick J, François S, Mazurier C, Boutarfa A, Bouchet S,
Gorin NC, Thierry D, Fouillard L (2007) Immunosuppressive effects of mesenchymal stem
cells: involvement of HLA-G. Transplant 84(2):231–237

298 F. Lanza et al.



65. Selmani Z, Naji A, Zidi I, Favier B, Gaiffe E, Obert L, Borg C, Saas P, Tiberghien P, Rouas-
Freiss N, Carosella ED, Deschaseaux F (2008) Human leukocyte antigen-G5 secretion by
human mesenchymal stem cells is required to suppress T lymphocyte and natural killer
function and to induce CD4+CD25highFOXP3+ regulatory T cells. Stem Cells 2(1):212–222

66. Ning H, Yang F, Jiang M, Hu L, Feng K, Zhang J, Yu Z, Li B, Xu C, Li Y, Wang J, Hu J,
Lou X, Chen H (2008) The correlation between cotransplantation of mesenchymal stem
cells and higher recurrence rate in hematologic malignancy patients: outcome of a pilot
clinical study. Leukemia 22:593–599

67. Rizzo R, Campioni D, Lanza F, Baricordi OR (2008) Cotransplantation of mesenchymal
cells and a higher relapse rate: a role for HLA-G molecules? Leukemia 22:2273

68. Rizzo R, Lanzoni G, Stignani M, Campioni D, Alviano F, Ricci F, Tazzari PL, Melchiorri L,
Scalinci SZ, Cuneo A, Bonsi L, Lanza F, Bagnara GP, Baricordi OR (2011) A simple
method for identifying bone marrow mesenchymal stromal cells with a high
immunosuppressive potential. Cytotherapy 13:523–527

69. Ivanova-Todorova E, Mourdjeva M, Kyurkchiev D, Bochev I, Stoyanova E, Dimitrov R,
Timeva T, Yunakova M, Bukarev D, Shterev A, Tivchev P, Kyurkchiev S (2009) HLA-G
expression is up-regulated by progesterone in mesenchymal stem cells. Am J Reprod
Immunol 62(1):25–33

70. Lanza F, Campioni D, Moretti S, Ferrari L, Rizzo R, Baricordi R, Cuneo A (2007) Aberrant
expression of HLA-DR antigen by bone marrow-derived mesenchymal stromal cells from
patients affected by acute lymphoproliferative disorders. Leukemia 21:378–381

71. Bocelli-Tyndall C, Zajac P, Di Maggio N, Trella E, Benvenuto F, Iezzi G, Scherberich A,
Barbero A, Schaeren S, Pistoia V, Spagnoli G, Vukcevik M, Martin I, Tyndall A (2010)
Fibroblast growth factor 2 and Platelet-derived growth factor, but not platelet lysete, induce
proliferation-dependent, functional class II major histocompatibility complex antigen in
human mesenchymal stem cells. Arthritis Rheum 62:3815–3825

72. Campioni D, Rizzo R, Stignani M, Melchiorri L, Ferrari L, Rizzo R, Baricordi R, Cuneo A,
Lanza F, Moretti S, Ferrari L, Alviano F, Russo A (2009) A decreased positivity for CD90
on human mesenchymal stromal cells (MSCs) is associated with a loss of
immunosuppressive activity by MSCs. Cytometry 76(3):225–230

73. Kuci S, Kuci Z, Kreyemberg H, Deak E, Putsch K, Huenecke S, Amara C, Koller S,
Rettinger E, Grez M, Koehl U, Latifi-Pupovci H, Henschler R, Tonn T, von Laer D,
Kliengebiel T, Bader P (2010) CD271 antigen define a subset of multipotent stromal cells
with immunosuppressive and lymphohematopoietic engraftment-promoting properties.
Haematologica 95(4):651–659

74. Nasef A, Zhang YZ, Mazurier C, Bouchet S, Bensidhoum M, Francois S, Gorin NC,
Lopez M, Thierry D, Fouillard L, Chapel A (2009) Selected STRO-1 enriched bone marrow
stromal cells display a major suppressive effect on lymphocyte proliferation. Int J Lab
Hematol 31:9–19

75. Krampera M, Franchini M, Pizzolo G, Aprili G (2007) Mesenchymal stem cells: from
biology to clinical use. Blood Transfus 5:120–129

76. Schäfer R, Dominici M, Müller I, Horwitz E, Asahara T, Bulte JW, Bieback K, le Blanc K,
Buhring HJ, Capogrossi MC, Dazzi F, Gorodetsky R, Henschler R, Handgretinger R,
Kajstura J, K Luger P, Lange C, Luettichau I, Mertsching H, Schrezenmejer H, Sievert KD,
Strunk D, Verfaillie C, Northoff H (2008) Basic research and clinical applications of non-
hematopoietic stem cells. Cytotherapy 11:245–255 (4–5 April 2008, Tübingen, Germany)

77. Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, Lanino E, Sundberg B,
Bernardo ME, Remberger M, Dini G, Egeler RM, Bacigalupo A, Fibbe W, Ringden O
(2008) Mesenchymal stem cells for treatment of steroid-resistant, severe, acute graft-versus
host disease: a phase II study. Lancet 371:1579–1586

78. Horwitz EM, Gordon PL, Koo WKK et al (2002) Isolated allogeneic bone marrow-derived
mesenchymal cells engraft and stimulate growth in children with osteogenesis imperfecta:
implications for cell therapy of bone. Proc Natl Acad Sci U S A 99:8932–8937

15 Immunosuppressive Properties of Mesenchymal Stromal Cells 299



79. Almeida-Porada G, Flake AW, Glimp HA, Flake AW, Glimp HA, Zanjani ED (1999)
Cotransplantation of stroma results in enhancement of engraftment and early expression of
donor hematopoietic stem cells in utero. Exp Hematol 27:1569–1575

80. Devine SM, Cobbs C, Jennings M (2003) Mesenchymal stem cells distribute to a wide range
of tissue following systemic infusion into nonhuman primates. Blood 101:2999–3001

81. Horwitz EM, Dominici M (2008) How do mesenchymal stromal cells exert their therapeutic
benefit? Cytotherapy 10:771–774

82. Woodbury D, Schwarz EJ, Prockop DJ, Black IB (2000) Adult rat and human bone marrow
stem cells differentiate into neurons. J Neurosci Res 61:223–229

83. Bouchez G, Sensebè L, Vourc’h P, Garreau L, Bodard S, Rico A, Guilloteau D, Charbord P,
Besnard JC, Chalon S (2008) Partial recovery of dopaminergic pathway after graft of adult
MSC in a rat model of Parkinson’s disease. Neurochem Int 52:1332–1342

84. Kalbermatten DF, Pierer G, Terenghi G, Kingham PJ (2010) Regeneration potential and
survival of transplanted undifferentiated adipose tissue-derived stem cells in peripheral
nerve conduits. J Plast Reconstr Aesthet Surg 12:e811–e817

85. Kingham PJ, Mantovani C, Terenghi G (2011) Stem cell and neuron co-cultures for the
study of nerve regeneration. Methods Mol Biol 695:115–127

86. Lu P, Blesch A, Tuszynski MH (2004) Induction of bone marrow stem cells into neurons:
differentiation, transdifferentiation or artefact? J Neurosci Res 77:174–191

87. Planat-Bénard V, Menard C, Andrè M, Puceat M, Perez A, Garcia-Verdugo JM, Penicaud L,
Casteilla L (2004) Spontaneous cardiomyocyte differentiation from adipose tissue stroma
cells. Circ Res 94:223–229

88. Rossini A, Frati C, Lagrasta C, Graiani G, Scopece A,Cavalli S, Musso E, Baccarini M, Di
Segni M, Fagnoni F, Germani A, Quaini E, Mayr M, Qingbo Xu, Barbuti A, Di Francesco,
Pompilio G, Quaini F, Gaetano C, Capogrossi MC (2011) Human cardiac and bone marrow
stromal cells exhibit distinctive properties related to their origin. Cardiovascular Res
89:650–660

89. Gnecchi M, He H, Melo GM, Noiseux N, Morello F, De Boer R, Zhang L, Pratt RE,
Dzau VJ, Ingwall JS (2009) Early beneficial effects of bone marrow derived mesenchymal
cells overexpressing Akt on cardiac metabolism after myocardial infarction. Stem Cells
27:971–979

90. Mirza A, Hyvelin JM, Rochefort GY, Lermusiaux P, Antier D, Awede B, Bonnet P,
Domenech J, Eder V (2008) Undifferentiated MSC seeded on a vascular prosthesis
contribute to the restoration of vascular wall. J Vasc Surg 47:1313–1321

91. Mauritz C, Martens A, Rojas SV, Schnick T, Rathert C, Schecker N, Menke S, Glage S,
Zweigerdt R, Haverich A, Martin U, Kutschaka I (2011) Induced pluripotent stem cell
(iPSC)-derived Flk-1 progenitor cells engraft, differentiate, and improve heart function in a
mouse model of acute myocardial infarction. Eur Heart J. doi:10.1093/eurheart/ehr166

92. Lee KD, Kuo TK, Whang-Peng J, Chung YF, Lin CT, Chou SH, Chen JR, Chen YP, Lee
OK (2004) In vitro hepatic differentiation of human MSC. Hepatology 40:1275–1284

93. Wang HS, Shyu JF, Shen WS, Hsu HC, Chi TC, Chen CP, Huang SW, Shyr YM, Tang KT,
Chen TH (2011) Transplantation of insulin producing cells derived from umbilical cord
stromal mesenchymal cells to treat NOD mice. Cell Transplant 20(3):455–466

94. Lange C, Togel F, Ittrich H, Clayton F, Nolte- Ernesting C, Zander AR, Westen Felder C
(2005) Administered MSC enhance recovery from ischemia/reperfusion-induced acute renal
failure in rats. Kidney Int 68:1613–1617

95. Bussolati B (2011) Stem cells for organ repair: support or replace? Biomatter 1:95
96. Kode JA, Mukherjee S, Joglekar MV, Hardikar AA (2009) Mesenchymal stem cells:

immunobiology and in immunomodulation and tissue regeneration. Cytotherapy 11:377–391
97. Zachos T, Diggs A, Weisbrode S, Bartlett J, Bertone A (2007) Mesenchymal stem cells

mediated gene delivery of bone morphogenetic protein-2 in an articular fracture model. Mol
Ther 15:1543–1550

98. Caplan AI (2007) Adult MSC for tissue engineering versus regenerative medicine. J Cell
Physiol 213:341–347

300 F. Lanza et al.

http://dx.doi.org/10.1093/eurheart/ehr166


99. Barti-Juhasz H, Mihalik R, Nagy K, Grisendi G, Dominici M, Petak I (2011) Bone marrow
derived MSC transduced with full length human TRAIL repress the growth of
rhabdomyosarcoma cells in vitro. Haematologica 96:e21

100. Liechty KW, MacKenzie TC, Shaaban AF, Radu A, Moseley AM, Deans R, Marshak DR,
Flake AW (2000) Human mesenchymal stem cells engraft and demonstrate site-specific
differentiation after in utero transplantation in sheep. Nat Med 6:1282–1286

101. Ball LM, Bernardo ME, Roelofs H, Lankester A, Cometa A, Egeler RM, Locatelli F, Fibbe
WE (2007) Cotransplantation of ex vivo expanded MSC accelerates lymphocyte recovery
and may reduce risk of graft failure in haploidentical hematopoietic stem cell
transplantation. Blood 110:2764–2767

102. Lazarus HM, Koc ON, Devine SM, Curtin P, Marziaz RT, Holland HK, Shpall EJ, McCarthy
P, Atkinson K, Cooper BW, Gerson SL, Laughlin MJ, Loberizia FR, Moseley AB,
Bacigalupo A (2005) Cotransplantation of HLA-identical sibling culture expanded MSC and
HSC in hematologic malignancy patients. Biol Blood Marrow Transpl 11:389–398

103. Le Blanc K, Ringden O (2005) Immunobiology of human mesenchymal stem cells and future
use in hematopoietic stem cell transplantation. Biol Blood Marrow Transpl 11:321–334

104. Sensebè L, Krampera M, Schrezenmeier H, Bourin P, Giordano R (2010) Mesenchymal
stem cell for clinical application. Vox Sang 98:93–107

105. Vianello F, Dazzi F (2008) Mesenchymal stem cells for graft-versus host disease: a doible-
egde sword? Leukemia 22:463–465

106. Tolar J, Villeneuve P, Keating A (2011) Mesenchymal stromal cells for graft-versus-host
disease. Hum Gene Ther 22:257–262

107. Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, lanino E, Sundberg B,
Bernardo ME, Remberger M, Dini G, Egeler RM, Bacigalupo A, Fibbe W, Ringden O
(2008) Mesenchymal stem cells for treatment of steroid resistant, severe, acut GVHD: a
phase II study. Lancet 363:1439–1441

108. Kucerova L, Matuskova M, Hlubinova K, Altanerova V, Altaner C (2010) Tumor cell
behaviour modulation by mesenchymal stromal cells. Mol Cancer 9:129

109. Prockop D, Brenner M, Fibbe W (2010) Defining the risk of therapies with MSC.
Cytotherapy 12:576–578

110. Marini FC (2009) Commentary: the complex love-hate relationship between mesenchymal
stromal cells and tumors. Cytotherapy 11:375–376

111. Djouad F, Plence P, Bony C (2003) Immunosuppressive effect of mesenchymal stem cells
favours tumor growth in allogeneic animals. Blood 102:3837–3844

15 Immunosuppressive Properties of Mesenchymal Stromal Cells 301



Chapter 16
Cellular Therapy for Hematology
Malignancies: Allogeneic Hematopoietic
Stem Transplantation, Graft-Versus-Host
Disease, and Graft Versus Leukemia
Effects

James L. M. Ferrara and Pavan Reddy

Abstract The ability of allogeneic hematopoietic cell transplantation (HCT) to
cure hematologic malignancies is widely recognized. An important therapeutic
aspect of HCT in eradicating malignant cells is the graft-versus-leukemia (GVL)
effect. But the GVL effect is closely associated with graft-versus-host disease
(GVHD) the major complication of HCT. GVHD remains the major barrier to the
wider application of allogeneic HCT for a variety of diseases. GVHD occurs in two
forms, acute and chronic, and both are associated with GVL effects. Recent advances
in the understanding of genetic polymorphisms, the chemo-cytokine networks,
several novel cellular subsets including regulatory T cells, and of the direct medi-
ators of cellular cytotoxicity have led to improved understanding of these complex
processes. Animal studies show that modulating several mediators of the complex
GVHD cascade may be able to reduce the undesirable inflammatory aspects of
GVHD while preserving the benefits of GVL. However, most of the laboratory
observations remain to be studied in well-controlled clinical trials. Multiple cellular
effectors may be involved in GVL, although donor T cell recognition of host anti-
gens is an important element of this process. Cellular immunotherapy such as donor
leukocyte infusion offers a strategy for separating GVHD and the GVL effect.
Both experimental and clinical data suggest that post-transplantation cellular
immunotherapy can be performed relatively safely and effectively, and optimization
of patient selection, cell dose, and timing of administration may all serve to limit
toxicity and enhance the potential GVL effects.
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16.1 Introduction

The ability of allogeneic hematopoietic cell transplantation (HCT) to cure certain
hematologic malignancies is widely recognized. An important therapeutic aspect
of HCT in eradicating malignant cells is the graft-versus-leukemia (GVL) effect.
The importance of the GVL effect in allogeneic HCT has been recognized since
the earliest experiments in stem cell transplantation. Forty years ago Barnes and
colleagues noted that leukemic mice treated with a subtherapeutic dose of radia-
tion and a syngeneic (identical twin) graft transplant were more likely to relapse
than mice given an allogeneic stem cell transplant [1, 2]. They hypothesized that
the allogeneic graft contained cells with immune reactivity necessary for eradi-
cating residual leukemia cells. They also noted that recipients of allogeneic grafts,
though less likely to relapse, died of a ‘‘wasting syndrome’’ now recognized as
graft-versus-host disease (GVHD). Thus, in addition to describing GVL, these
experiments highlighted for the first time the intricate relationship between GVL
and GVHD. Since these early experiments, both GVHD and the GVL effect have
been studied extensively [3]. This chapter reviews the pathophysiology, clinical
features, treatment of GVHD, and summarizes current understanding of the rela-
tionships between GVHD and the GVL effect.

16.2 Graft-Versus-Host Disease: Clinical
and Pathologic Aspects

Ten years after the work of Barnes and Loutit, Billingham formulated the require-
ments for the development of GVHD: the graft must contain immunologically
competent cells, the recipient must express tissue antigens that are not present in the
transplant donor, and the recipient must be incapable of mounting an effective
response to destroy the transplanted cells [4]. According to these criteria, GVHD can
develop in various clinical settings when tissues containing immunocompetent cells
(blood products, bone marrow, and some solid organs) are transferred between
persons. The most common setting for the development of GVHD is following
allogeneic HCT; without prophylactic immunosuppression, most allogeneic HCTs
will be complicated by GVHD. GVHD occurs secondary to mismatches between
histocompatibility antigens between the donor and recipient. Matching of the major
histocompatibility complex (MHC) antigens speeds engraftment and reduces the
severity of GVHD [5]. The MHC contains the genes that encode tissue antigens and
were first identified functionally in murine models as transplantation antigens
responsible for rejection of tissue grafts. In humans, the MHC region lies on the short
arm of chromosome 6 and is called the human leukocyte antigen (HLA) region [6].
The HLA region includes many genes, not all of which are involved in immune
activation. It is divided into two classes, Class I and Class II, each containing
numerous gene loci that encode a large number of polymorphic alleles. MHC class I
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molecules are involved in the presentation of peptides to CD8+ T cells, and class II
molecules present peptides to CD4+ T cells [6].

Each MHC antigen is composed of two polypeptide chains. Class I antigens are
made up of a heavy chain that contains the polymorphic regions and the
nonpolymorphic light chain, beta-2 microglobulin. The class I HLA antigens
include HLA A, B, and C antigens. These are expressed on almost all cells of the
body at varying densities [6]. Both chains of class II antigens contain polymorphic
regions and are encoded in the MHC. The class II antigens are further divided into
DR, DQ, and DP antigens. Class II antigens are expressed on B cells, dendritic cells,
and monocytes and their expression can be induced on many other cell types
following inflammation or injury [6, 7]. The determination of HLA types has become
much more accurate with molecular techniques that replace earlier serologic
or cellular methods. In patients whose ancestry involves extensive interracial
mixing, the chances of identifying an HLA-identical donor are diminished [8].

Despite HLA identity between a patient and donor, substantial numbers of
patients still develop GVHD due to differences in minor histocompatibility
antigens that lie outside the HLA loci. Most minor antigens are expressed on the
cell surface as degraded peptides bound to specific HLA molecules, but the precise
elucidation of many human minor antigens is yet to be accomplished [9]. In the
United States, the average patient has a 25% chance of having an HLA match
within his immediate family [8]. Patients who lack an HLA-identical family
member donor must seek unrelated donor volunteers or cord blood donations.

16.2.1 Acute Graft-Versus-Host Disease

Acute GVHD can occur within days (in recipients who are not HLA-matched with
the donor or in patients not given any prophylaxis) or as late as 2 months after
transplantation. The incidence ranges from less than 10 to more than 80%,
depending on the degree of histoincompatibility between donor and recipient, the
number of T cells in the graft, the patient’s age, and the GVHD prophylactic
regimen [9]. The principal target organs include the immune system, skin, liver,
and intestine. GVHD occurs first and most commonly in the skin as a pruritic
maculopapular rash, often involoving the palms, soles, and ears; it can progress to
total-body erythroderma, with bullae formation, rupture along the epidermal-
dermal border, and desquamation in severe cases [9]. Gastrointestinal (GI) and
liver manifestations often appear later and rarely represent the first and only
findings. Intestinal symptoms include anorexia, nausea, diarrhea (sometimes
bloody), abdominal pain, and paralytic ileus [9]. Liver dysfunction includes
hyperbilirubinemia and increased serum alkaline phosphatase and aminotransfer-
ase values. Coagulation studies may become abnormal, and hepatic failure with
ascites and encephalopathy may develop in severe cases [9–11]. Hepatic GVHD
can be distinguished from hepatic veno-occlusive disease (VOD) by weight gain or
pain in the right upper quadrant in the latter [11]. Acute GVHD also results in the
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delayed recovery of immunocompetence [9]. The clinical result is profound
immunodeficiency and susceptibility to infections, often further accentuated by the
immunosuppressive agents used to treat GVHD [9].

Pathologically, the sine qua non of acute GVHD is selective epithelial damage
of target organs [12, 13]. The epidermis and hair follicles are damaged and
sometimes destroyed. Small bile ducts are profoundly affected, with segmental
disruption. The destruction of intestinal crypts results in mucosal ulcerations that
may be either patchy or diffuse. Other epithelial surfaces, such as the conjunctivae,
vagina, and esophagus, are less commonly involved. A peculiarity of GVHD
histology is the frequent paucity of mononuclear cell infiltrates; however, as the
disease progresses the inflammatory component may be substantial. Recent studies
have identified inflammatory cytokines as soluble mediators of GVHD and have
suggested that direct contact between target cells and lymphocytes may not be
required for target cell destruction (see following sections). GVHD lesions are not
evenly distributed in the target tissues. In the skin, damage is prominent at the tip
of rete ridges; in the intestine, at the base of the crypts; and in the liver, in the
periductular epithelium. These areas contain a high proportion of stem cells,
giving rise to the idea that GVHD targets may be undifferentiated epithelial cells
with primitive surface antigens [14].

The histologic severity of a given lesion is at best semiquantitative and,
consequently, the severity of pathologic findings are not used in the grading of
GVHD. As it is often difficult to obtain an adequate tissue biopsy, the physician is
left to use clinical judgment. It can be very difficult to distinguish GVHD from
other post-BMT complications such as drug eruptions, infectious complication,
even on histology.

A recent multicenter phase III trial used an independent committee to assess the
presence and severity of GVHD. The incidence of GVHD as determined by
investigators was substantially higher than the review committee could confirm [15].
Nevertheless, for an experienced clinician a combination of physical and laboratory
findings in the appropriate context provides a working diagnosis of GVHD that is
satisfactory to produce a meaningful prognostic scale based on clinical grading
system [12, 17]. Standard grading systems generally include clinical changes in the
skin, GI tract, liver, and performance status (Table 16.2) [16]. Although the severity
of GVHD is sometimes difficult to quantify, the overall grade correlates with disease
outcome. While mild GVHD (grade I or II) is associated with little morbidity and
almost no mortality, higher grades are associated with significantly decreased
survival [16, 17]. With grade IV GVHD, the mortality is almost 100% [17].

16.2.1.1 Clinical Features of Acute GVHD

The clinical features, staging and grading of acute GVHD are summarized in
Tables 16.1 and 16.2.

In a comprehensive review of patients receiving therapy for acute GVHD,
it was found that 81% had skin involvement, 54% had GI involvement, and 50%
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had liver involvement at the initiation of therapy [18]. After high-intensity
(conventional) conditioning, acute GVHD generally occurs within 14–35 days of
stem cell infusion. The time of onset may depend upon the degree of histocom-
patibility, the number of donor T cells infused, and the prophylactic regimen for
GVHD. A ‘‘hyperacute’’ form of GVHD may occur in patients with severe HLA
mismatches and in patients who receive T cell replete transplants without or with
inadequate in vivo GVHD prophylaxis [19]. It is, however, important to note that
this ‘‘hyperacute’’ form is pathophysiolocally distinct from the hyperacute rejec-
tion after solid organ allo-grafting. This form of GVHD is manifested by fever,
generalized erythroderma and desquamation, and often edema. It typically occurs
about 1 week after stem cell infusion and may be rapidly fatal. In patients
receiving more conventional (in vivo) GVHD prophylaxis, such as a combination
of cyclosporine (CSP) and methotrexate, the median onset of GVHD is typically
21–25 days after transplantation; however, after in vitro T cell depletion of the
graft the onset may be much later [19]. Thus, the findings of rash and diarrhea by
1 week after transplantation would very likely be hyperacute manifestations of
GVHD if minimal or ineffective prophylaxis were administered; the same kinetics
would be very unlikely with the use of calcineurin inhibitors or in vitro T cell
depletion of the stem cell inoculum. A less ominous syndrome of fever, rash, and

Table 16.1 Clinical manifestations and staging of acute GVHD

Organ Clinical manifestations Staging

Skin Erythematous, maculopapular rash
involving palms and soles may
become confluent.

Stage 1: \25% rash
Stage 2: 25–50% rash
Stage 3: generalized erytroderma

Severe disease: bullae Stage 4: bullae
Liver Painless jaundice with conjugated

hyperbilirubinemia and
increased alkaline phosphatase

Stage 1: bili 2–3 mg/dL
Stage 2: bili 3.1–6 mg/dL
Stage 3: bili 6.1–15 mg/dL
Stage 4: bili [ 15 mg/dL

Gastro-intestinal (GI)
tract

Upper: nausea, vomiting, anorexia Stage 1: diarrhea [ 500 mL/day
Stage 2: diarrhea [ 1000 mL/day

Lower: diarrhea, abdominal
cramps, distention, ileus, and
bleeding

Stage 3: diarrhea [ 1500 mL/day
Stage 4: ileus, bleeding

Table 16.2 Glucksberg criteria for staging of acute GVHDa

Overall grade Skin Liver Gut

I 1–2 0 0
II 1–3 1 And/or 1
III 2–3 2–4 And/or 2–3
IV 2–4 2–4 And/or 2–4
a See Table 16.1 for individual organ staging. Traditionally, individual organs are staged without
regard to attribution. The overall grade of GVHD, however, reflects the actual extent of GVHD.
To achieve each overall grade, skin disease plus liver and/or gut involvement are required
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fluid retention occurring in the first 1–2 weeks after stem cell infusion is the
‘‘engraftment syndrome’’. These manifestations may be seen with either allogeneic
or autologous transplantation. While the pathophysiology is poorly understood, it
is thought to be due to a wave of cytokine production as the graft starts to recover.
This is related to, but distinct from, the ‘‘cytokine storm’’ that is thought to
contribute to acute GVHD in which there is no concomitant T cell-mediated attack
[19, 20]. This syndrome responds immediately to steroids in most patients and it
typically presents earlier than acute GVHD [16]. In autologous transplantation the
differential diagnosis is of little relevance, but in allogeneic transplant recipients it
must be distinguished from the hyperacute manifestations of GVHD. A prompt
response to steroids would argue in favor of an engraftment syndrome, although
some patients with GVHD will also respond.

Skin is the most commonly affected organ. In patients receiving transplants after
myeloablative conditioning, the skin is usually the first organ involved, and GVHD
often coincides with engraftment. However, the presentation of GVHD is more
varied following nonmyeloablative transplants or donor lymphocyte infusions [21].
The characteristic maculopapular rash can spread throughout the rest of the body but
usually spares the scalp, and is often described as feeling like a sunburn, tight, or
pruritic. In severe cases the skin may blister and ulcerate [22]. Histologic confir-
mation is critical to rule out drug reactions, viral infections, etc. Apoptosis at the
base of dermal crypts is characteristic. Other features include dyskeratosis,
exocytosis of lymphocytes, satellite lymphocytes adjacent to dyskeratotic epidermal
keratinocytes, and dermal perivascular lymphocytic infiltration [21, 23].

Gastrointestinal tract involvement of GVHD may present as nausea, vomiting,
anorexia, diarrhea, and/or abdominal pain [23]. It is a pan-intestinal process, often
with differences in severity between the upper and lower GI tracts. Gastric
involvement gives rise to postprandial vomiting that is not always preceded by
nausea. Although gastroparesis is seen after bone marrow transplant, it is usually not
associated with GVHD. The diarrhea of GVHD is secretory and significant GI blood
loss may occur as a result of mucosal ulceration and is associated with a poor
prognosis [24]. In advanced disease, diffuse, severe abdominal pain and distention
is accompanied by voluminous diarrhea ([2 L/day) [17, 25].

Radiologic findings of the GI tract include lumenal dilatation with thickening of
the wall of the small bowel and air/fluid levels suggestive of an ileus on abdominal
flat plates or small bowel series. Abdominal computed tomography may show the
‘‘ribbon’’ sign of diffuse thickening of the small bowel wall [22]. Little correlation
exists between the extent of disease and the appearance of mucosa on endoscopy, but
mucosal sloughing is pathognomonic for severe disease [26]. Nevertheless, some
studies have shown that antral biopsies correlate well with the severity of GVHD in
the duodenum and in the colon even when the presenting symptom is diarrhea [26].
Histologic analysis of tissue is imperative to establish the diagnosis. The histologic
features of GI GVHD are the presence of apoptotic bodies in the base of crypts, crypt
abscesses, crypt loss, and flattening of the surface epithelium [25, 27].

Liver function test abnormalities are common after bone marrow transplant and
occur secondary to VOD, drug toxicity, viral infection, sepsis, iron overload, and
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other causes of extrahepatic biliary obstruction [11]. The exact incidence of hepatic
GVHD is probably underreported because many patients do not undergo liver
biopsies. The development of jaundice or an increase in the alkaline phosphatase
and bilirubin are the initial features of acute GVHD of the liver. The histologic
features of hepatic GVHD are endothelialitis, lymphocytic infiltration of the portal
areas, pericholangitis, and bile duct destruction and loss [19, 30].

16.2.1.2 Other Organs

Whether GVHD affects organs other than the classic triad of skin, liver, and gut
has remained a matter of debate. However, numerous reports suggest additional
organ manifestations. The most likely candidate is the lung. Lung toxicity,
including interstitial pneumonitis and diffuse alveolar hemorrhage, may occur in
20–60% of allogeneic transplant recipients but in fewer autologous transplant
recipients. Causes of pulmonary damage other than GVHD include engraftment
syndrome (see below), infection, radiation pneumonitis, and chemotherapy-related
toxicity (e.g., methotrexate, busulfan) [19, 28]. At least one retrospective analysis
failed to link severe pulmonary complications to clinical acute GVHD per se [29].
The mortality due to pneumonia increases with the severity of GVHD, but this
association does not necessarily imply that GVHD, as opposed to immunosup-
pression given for therapy, is causative [19]. A particular histopathologic syn-
drome of lymphocytic bronchitis has been attributed directly to GVHD, although
this association has not been confirmed by others [28].

Despite the fact that kidneys and heart can be targets for allogeneic damage as
evidenced by their rejection after renal and cardiac transplants respectively, there
is no convincing evidence for direct renal or cardiac damage from acute GVHD
that is not secondary to drugs or infection. Similarly, neurologic complications are
also common after transplantation but most can be attributed to drug toxicity,
infection, or vascular insults.

16.2.1.3 Differential Diagnosis

Acute GVHD ought to be distinguished from any process that causes a constella-
tion of fever, erythematous skin rash with/or without low-pressure, and pulmonary
edema that may occur during neutrophil recovery. This picture may reflect the
dysregulated production of inflammatory cytokines and cellular responses to these
molecules, and has been termed engraftment or capillary leak syndrome [30, 31].
The picture is most clearly recognized after autologous transplantation where,
theoretically, GVHD should not occur. In allogeneic transplant recipients distinc-
tion from acute GVHD is difficult. This engraftment syndrome is thought to reflect
cellular and cytokine activities during early recovery of (donor-derived) blood cell
counts and/or homeostatic proliferation of lymphocytes, but a precise delineation
of the offending cells and mechanisms has not been accomplished. Engraftment
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syndromes may be associated with increased mortality, primarily from pulmonary
failure and also (other) multi-organ dysfunction. Corticosteroid therapy may be
effective particularly for the treatment of pulmonary manifestations [32].
The differential diagnosis of skin rashes, diarrhea, and liver function abnormalities
can be difficult to resolve. Skin rashes may reflect delayed reactions to the con-
ditioning regimen, antibiotics, or infections and furthermore histopathologic skin
changes consistent with acute GVHD can be mimicked by chemoradiotherapy and
drug reactions [19, 33]. Diarrhea can be a consequence of TBI, viral infections,
especially with CMV and other herpes viruses, parasites, Clostridium difficile,
nonspecific gastritis, narcotic withdrawal, and drug reactions, all of which mimic
GVHD of the gut. Liver dysfunction can be due to parenteral nutrition, VOD, viral
or drug-induced hepatitis.

16.3 Pathophysiology of Acute Graft-Versus-Host Disease

It is helpful to remember two important principles when considering the patho-
physiology of acute GVHD. First, acute GVHD represents exaggerated but normal
inflammatory responses against foreign antigens (allo-antigens) that are ubiqui-
tously expressed in a setting where they are undesirable. The donor lymphocytes
that have been infused into the recipient function appropriately, given the foreign
environment they encounter. Second, donor lymphocytes encounter tissues in the
recipient that have been often profoundly damaged. The effects of the underlying
disease, prior infections, and the intensity of conditioning regimen all result in
substantial changes not only in the immune cells but also in the endothelial and
epithelial cells. Thus the allogeneic donor cells rapidly encounter not only a
foreign environment, but one that has been altered to promote the activation and
proliferation of inflammatory cells. Thus, the pathophysiology of acute GVHD
may be considered a distortion of the normal inflammatory cellular responses that,
in addition to the absolute requirement of donor T cells, involves multiple other
innate and adaptive cells and mediators [34]. The development and evolution of
acute GVHD can be conceptualized in three sequential phases (Fig. 16.1) to
provide a unified perspective on the complex cellular interactions and inflamma-
tory cascades that lead to acute GVHD: (1) activation of the antigen-presenting
cells (APCs); (2) donor T cell activation, differentiation, and migration; and
(3) effector phase [34]. It is important to note that the three-phase description as
discussed below allows for a unified perspective in understanding the biology. It is,
however, not meant to suggest that all three phases are of equal importance or that
GVHD occurs in a step-wise and sequential manner. The spatio-temporal rela-
tionships between the biological processes described below, depending on the
context, are more likely to be chaotic and of varying intensity and relevance in the
induction, severity, and maintenance of GVHD.
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A. Phase 1: Activation of antigen-presenting cells
The earliest phase of acute GVHD is initiated by the profound damage caused

by the underlying disease and infections and further exacerbated by the BMT
conditioning regimens (which include total-body irradiation (TBI) and/or che-
motherapy) that are administered even before the infusion of donor cells [35–39].
This first step results in activation of the APCs [7]. Specifically, damaged host
tissues respond with multiple changes, including the secretion of proinflammatory
cytokines, such as TNF-a and IL-1, described as the ‘‘cytokine storm’’ [37, 38, 40].
Such changes increase expression of adhesion molecules, costimulatory
molecules, MHC antigens, and chemokines gradients that alert the residual host
and the infused donor immune cells [38]. These ‘‘danger signals’’ activate host

Fig. 16.1 Pathophysiology of GVHD: during step 1, irradiation and chemotherapy both damage
and activate host tissues, including intestinal mucosa, liver, and the skin. Activated cell hosts then
secrete inflammatory cytokines (e.g., TNF-a and IL-1), which can be measured in the systemic
circulation. The cytokine release has important effects on APCs of the host, including increased
expression of adhesion molecules (e.g., ICAM-1, VCAM-1) and of MHC class II antigens. These
changes in the APCs enhance the recognition of host MHC and/or minor H antigens by mature
donor T cells. During step 2, donor T cell activation is characterized by proliferation of GVHD T
cells and secretion of multiple cytokines, including IL-2 and IFN-a. Induction of CTL and NK
cell responses, and the priming of mononuclear phagocytes. In step 3, mononuclear cells primed
by IFN-a and possibly other cytokines are triggered by a second signal such as endotoxin (LPS)
to secrete cytopathic amounts of IL-I and TNF-a. LPS can leak through the intestinal mucosa
damaged by the conditioning regimen to stimulate gut-associated lymphoid tissue or Kupffer cells
in the liver; LPS that penetrate the epidermis may stimulate keratinocytes, dermal fibroblasts, and
macrophages to produce similar cytokines in the skin. This mechanism results in the
amplification of local tissue injury and further production of inflammatory effectors such as
nitric oxide, which, together with CTL and NK effectors, leads to the observed target tissue
destruction in the stem cell transplant host. CTL effectors use Fas/FasL, perforin/granzyme B, and
membrane-bound cytokines to lyse target cells
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APCs [41, 42]. Damage to the GI tract from the conditioning is particularly
important in this process because it allows for systemic translocation of immu-
nostimulatory microbial products such as lipopolysaccaride (LPS) that further
enhance the activation of host APCs and the secondary lymphoid tissue in the GI
tract is likely the initial site of interaction between activated APCs and donor T
cells [38, 43, 44]. This scenario accords with the observation that an increased risk
of GVHD is associated with intensive conditioning regimens that cause extensive
injury to epithelial and endothelial surfaces with a subsequent release of inflam-
matory cytokines and increases in expression of cell surface adhesion molecules
[38, 39]. The relationship among conditioning intensity, inflammatory cytokine,
and GVHD severity has been supported by elegant murine studies [40]. Further-
more, the observations from these experimental studies have led to two recent
clinical innovations to reduce clinical acute GVHD: (a) reduced-intensity condi-
tioning to decrease the damage to host tissues and thus limit activation of host
APC; and (b) KIR mismatches between donor and recipients to eliminate the host
APCs by the alloreactive NK cells [45, 46].

Host-type APCs that are present and have been primed by conditioning are
critical for the induction of this phase; recent evidence suggests that donor-type
APCs exacerbate GVHD, but, in certain experimental models, donor-type APC
chimeras also induce GVHD [42, 47–49]. In clinical situations, if donor-type
APCs are present in sufficient quantity and have been appropriately primed, they
too might play a role in the initiation and exacerbation of GVHD [50–52]. Among
the cells with antigen-presenting capability, DCs are the most potent and play an
important role in the induction of GVHD [53]. Experimental data suggest that
GVHD can be regulated by qualitatively or quantitatively modulating distinct DC
subsets [54–59]. Langerhans cells were also shown to be sufficient for the
induction of GVHD when all other APCs were unable to prime donor T cells,
although the role for Langerhans cells when all APCs are intact is unknown [60].
Studies are yet to define roles for other DC subsets. In one clinical study, per-
sistence of host DC after day 100 correlated with the severity of acute GVHD
while elimination of host DCs was associated with reduced severity of acute
GVHD [51]. The allo-stimulatory capacity of mature monocyte-derived DCs
(mDCs) after reduced-intensity transplants was lower for up to 6 months compared
to the mDCs from myeloablative transplant recipients, thus suggesting a role for
host DCs and the reduction in ‘‘danger signals’’ secondary to less intense condi-
tioning in acute GVHD [61]. Nonetheless, this concept of enhanced host APC
activation explains a number of clinical observations such as increased risks of
acute GVHD associated with advanced stage malignancy, conditioning intensity,
and histories of viral infections.

Other professional APCs such as monocytes/macrophages or semi-professional
APCs might also play a role in this phase [7]. For example, recent data suggest that
host-type B cells might play a regulatory role under certain contexts [62].
Also host-/or donor-type nonhematopoietic stem cells, such as mesenchymal stem
cells or stromal cells, when acting as APCs, have been shown to reduce T cell
allogeneic responses, although the mechanism for such inhibition remains unclear.
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The relative contributions of various APCs, professional or otherwise, remain to be
elucidated.
B. Phase 2: Donor-T-Cell Activation, differentiation, and migration

The infused donor T cells interact with the primed APCs leading to the initi-
ation of the second phase of acute GVHD. This phase includes antigen presen-
tation by primed APCs, the subsequent activation, proliferation, differentiation,
and migration of alloreactive donor T cells. After allogeneic HSC transplants, both
host- and donor-derived APCs are present in secondary lymphoid organs [63, 64].
The T cell receptor (TCR) of the donor T cells can recognize alloantigens either on
host APCs (direct presentation) or on donor APCs (indirect presentation) [65, 66].
In direct presentation, donor T cells recognize either the peptide bound to allo-
geneic MHC molecules or allogeneic MHC molecules without peptide [66, 67].
During indirect presentation, T cells respond to the peptide generated by degra-
dation of the allogeneic MHC molecules presented on self-MHC [67]. Experi-
mental studies demonstrated that APCs derived from the host, rather than from the
donor, are critical in inducing GVHD across MiHA mismatch [7, 65]. Recent data
suggest that presentation of distinct target antigens by the host and donor-type
APCs might play a differential role in mediating target organ damage [7, 68, 69].
In humans, most cases of acute GVHD developed when both host DCs and donor
dendritic cells (DCs) are present in peripheral blood after BMT [51].

1. Co-stimulation: The interaction of donor lymphocyte TCR with the host allo-
peptide presented on the MHC of APCs alone is insufficient to induce T cell acti-
vation [7, 70]. Both TCR ligation and co-stimulation via a ‘‘second’’ signal through
interaction between the T cell co-stimulatory molecules and their ligands on APCs
are required to achieve T proliferation, differentiation, and survival [71]. The danger
signals generated in phase 1 augment these interactions and significant progress
has been made on the nature and impact of these ‘‘second’’ signals [72, 73].
Co-stimulatory pathways are now known to deliver both positive and negative
signals and molecules from two major families, the B7 family and the TNF receptor
(TNFR) family play pivotal roles in GVHD [74]. Interruption of the second signal
by blockade of various positive co-stimulatory molecules (CD28, ICOS, CD40,
CD30, 4-1BB, and OX40) reduces acute GVHD in several murine models while
antagonism of the inhibitory signals (PD-1 and CTLA-4) exacerbates the severity of
acute GVHD [75–81]. The various T cell and APC co-stimulatory molecules and
the impact on acute GVHD are summarized in Table 16.3. The specific context and
the hierarchy in which each of these signals play a dominant role in the modulation
of GVHD remain to be determined.

2. T cell subsets: T cells consist of several subsets whose responses differ based
on antigenic stimuli, activation thresholds, and effector functions. The alloantigen
composition of the host determines which donor T cell subsets proliferate and
differentiate.

CD4+ and CD8+ cells: CD4 and CD8 proteins are co-receptors for constant
portions of MHC class II and class I molecules, respectively [82]. Therefore, MHC
class I (HLA-A, -B, -C) differences stimulate CD8+ T cells and MHC class II
(HLA-DR -DP, -DQ) differences stimulate CD4+ T cells [82–85]. But clinical
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trials of CD4+ or CD8+ depletion have been inconclusive [86]. This perhaps is not
surprising, because GVHD is induced by MiHAs in the majority of HLA-identical
BMT, which are peptides derived from polymorphic cellular proteins that are
presented by MHC molecules [87]. Because the manner of protein processing
depends on genes of the MHC, two siblings will have many different peptides in
the MHC groove [87]. Thus in the majority of HLA-identical BMT, acute GVHD
may be induced by either or both CD4+ and CD8+ subsets in response to minor
histocompatibility antigens [86]. The peptide repertoire for class I or class II MHC
remains unknown and might even be different in different individuals [88]. But it is
plausible that only a few of the many of these peptides might behave as immu-
nodominant ‘‘major minor’’ antigens that can potentially induce GVHD. In any
event, such antigens remain to be identified and validated in large patient
population.

Naïve and Memory subsets: Several independent groups have intriguingly
found that the na (CD62L+) T cells were alloreactive and caused acute GVHD but
not the memory (CD62L-) T cells across different donor/recipient strain combi-
nations [89–92]. Furthermore, expression of na T cell marker CD62L was also
found to be critical for regulation of GVHD by donor natural regulatory T cells [96].
By contrast, another recent study demonstrated that alloreactive memory T cells and
their precursor cells (memory stem cells) caused robust GVHD [93, 94]. It remains
as yet unknown whether the reduced GVHD potential of memory-type T cells from

Table 16.3 T cell-APC
interactions

T cell APC

Adhesion
ICAMs LFA-1
LFA-1 ICAMs
CD2 (LFA-2) LFA-3
Recognition
TCR/CD4 MHC II
TCR/CD8 MHC I
Costimulation
CD28 CD80/86
CD152 (CTLA-4) CD80/86
ICOS B7H/B7RP-1
PD-1 PD-L1, PD-L2
Unknown B7-H3
CD154 (CD40L) CD40
CD134 (OX 40) CD134L (OX40L)
CD137 (4-1BB) CD137L (4-1BBL)
HVEM LIGHT

HVEM, HSV glycoprotein D for herpesvirus entry mediator;
LIGHT, homologous to lymphotoxins, shows inducible expres-
sion, and competes with herpes simplex virus glycoprotein D for
herpes virus entry mediator (HVEM), a receptor expressed by T
lymphocytes
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a na murine donor, in contrast to their ability to cause greater solid organ allo-
rejection, is due to a consequence of the intense conditioning regimen and/or altered
trafficking or from a restricted repertoire and/or from T cell intrinsic defect [99].

Regulatory T cells: Recent advances indicate that distinct subsets of regulatory
CD4+CD25+, CD4+CD25-IL10+ Tr cells, cdT cells, DN- T cells, NK T cells, and
regulatory DCs control immune responses by induction of anergy or active
suppression of alloreactive T cells [55, 56, 95–103]. Several studies have
demonstrated a critical role for the natural donor CD4+CD25+ Foxp3+ regulatory T
(Treg) cells, obtained from na animals or generated ex vivo, in the outcome of
acute GVHD. Donor CD4+CD25+ T cells suppressed the early expansion of
alloreactive donor T cells and their capacity to induce acute GVHD without
abrogating GVL effector function against these tumors [104, 105]. CD4+CD25+ T
cells induced/generated by immature or regulatory host-type DCs and by regula-
tory donor-type myeloid APCs were also able to suppress acute GVHD [55]. One
of the clinical studies that evaluated the relationship between donor CD4+CD25+

cells and acute GVHD in humans after matching sibling donor grafts and found
that in contrast to the murine studies, donor grafts containing larger numbers of
CD4+ CD25+ T cells developed more severe acute GVHD [106]. These data
suggest that co-expression of CD4+ and CD25+ is insufficient because an increase
in CD25+ T cells in donor grafts is associated with greater risks of acute GVHD
after clinical HCT. Another recent study found that Foxp3 mRNA expression
(considered a specific marker for naturally occurring CD4+CD25+ Tregs) was
significantly decreased in peripheral blood mononuclear cells from patients with
acute GVHD [107, 108]. But Foxp3 expression in humans, unlike mice, may not
be specific for T cells with a regulatory phenotype [109]. It is likely that the
precise role of regulatory T cells in clinical acute GVHD will, therefore, not only
depend upon identification of specific molecular markers in addition to Foxp3, but
also on the ability for ex vivo expansion of these cells in sufficient numbers.
Several clinical trials are underway in the US and Europe with attempts to
substantially expand these cells ex vivo and use for prevention of GVHD.

Host NK1.1+ T cells are another T cell subsets with suppressive functions have also
been shown to suppress acute GVHD in an IL-4 dependent manner [102, 103, 110].
By contrast, donor NKT cells were found to reduce GVHD and enhance perforin
mediated GVL in an IFN-c dependent manner [111, 112]. Recent clinical data sug-
gests that enhancing recipient NKT cells by repeated TLI conditioning promoted Th2
polarization and dramatically reduced GVHD [103]. Experimental data also show that
activated donor NK cells can reduce GVHD through the elimination of host APCs or
by secretion of transforming growth factor-b (TGF-b) secretion [112]. A murine BMT
study using mice lacking SH2-containing inositol phosphatase (SHIP), in which
the NK compartment is dominated by cells that express two inhibitory receptors
capable of binding either self or allogeneic MHC ligands, suggests that host NK cells
may play a role in the initiation of GVHD [113].

3. T cell apoptosis: Deletional mechanisms of tolerance fall into two catego-
ries: (1) central (thymic) deletion; and (2) peripheral deletion [114]. Central
deletion is an effective way to eliminate continued thymic production of
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alloreactive T cells. To this end, lymphoablative treatments have been used as a
condition to create a mixed hematopoietic chimeric state in murine BMT models
[120]. In this strategy, donor cells seed the thymus and maturing donor-reactive T
cell clones are deleted through intrathymic apoptosis [115, 116]. The proportion of
the peripheral T cell repertoire that can respond to allogeneic MHC antigens
can play a critical role in the development of tolerance [117]. In the case of
MHC-mismatched transplantation, the frequency of alloreactive T cells is at least
five orders of magnitude greater than the frequency of peptide-specific T cells
responding to a nominal antigen [117, 118]. The pathways of T cell apoptosis by
which peripheral deletion occurs can be broadly categorized into activation-
induced cell death (AICD) and passive cell death (PCD) [117]. An important
mediator of AICD in T cells is the Fas receptor [119]. Activated T cells expressing
the Fas molecule undergo apoptotic cell death when brought into contact with cells
expressing Fas ligand. A critical role for Fas-mediated AICD has been clearly
demonstrated in attenuation of acute GVHD by several Th1 cytokines [120–124].

PCD or ‘‘death by neglect’’ illustrates the exquisite dependence of activated T
cells upon growth factors (e.g., IL-2, IL-4, IL-7, and/or IL-15) for survival;
apoptotic cell death in this instance is largely due to rapid downregulation of Bcl-2
[125–127]. Transplantation of Bcl-xL T cells into nonirradiated recipients sig-
nificantly exacerbates GVHD; however, no difference in GVHD mortality is
observed in animals that have been lethally irradiated [128]. Selective elimination
of donor T cells in vivo after BMT using transgenic T cells in which a thymidine
kinase suicide gene is targeted to T cells has also been shown to attenuate the
severity of acute GVHD [128–131]. Another recent approach to prevent GVHD is
the selective depletion of alloantigen-specific donor T cells by photodynamic cell
purging process wherein donor T cells are treated with photoactive 4,
5-dibromorhodamine 123 and subsequently exposed to visible light [132]. Thus,
several deletional mechanisms have been shown to reduce acute GVHD but the
conditions under which one or another of these deletional mechanisms predomi-
nate role remain to be determined.

4. Cytokines and T cell differentiation: APC and T cell activation result in
rapid intracellular biochemical cascades that induce transcription of many genes
including cytokines and their receptors. The Th1 cytokines (IFN-c, IL-2 and
TNF-a) have been implicated in the pathophysiology of acute GVHD [133–135].
IL-2 production by donor T cells remains the main target of many current clinical
therapeutic and prophylactic approaches, such as CSP, tacrolimus, and monoclonal
antibodies (mAbs) against the IL-2 and its receptor to control acute GVHD
[136, 137]. But emerging data indicate an important role for IL-2 in the generation
and maintenance of CD4+CD25+ Foxp3+ T regs, suggesting that prolonged
interference with IL-2 may have an unintended consequence in the prevention of
the development of long-term tolerance after allogeneic HCT [138–141]. Similarly
the role of other Th1 cytokines IFN-c or their inducers as regulators or inducers of
GVHD severity depends on the degree of allo-mismatch, the intensity of condi-
tioning, and the T cell subsets that are involved after BMT [142–144]. Thus
although the ‘‘cytokine storm’’ initiated in phase 1 and amplified by the Th1
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cytokines correlates with the development of acute GVHD, early Th1 polarization
of donor T cells to HCT recipients can attenuate acute GVHD suggesting that
physiological and adequate amounts of Th1 cytokines are critical for GVHD
induction, while inadequate production (extremely low or high) could modulate
acute GVHD through a breakdown of negative feedback mechanisms for activated
donor T cells [124, 135, 144–146]. Several different cytokines that polarize donor
T cells to Th2 such as IL-4, G-CSF, IL-18, IL-11, rapamycin, and the secretion of
IL-4 by NK1.1+ T cells can reduce acute GVHD [147–154]. But Th1 and Th2
subsets cause injury of distinct acute GVHD target tissues and some studies failed
to show a beneficial effect of Th2 polarization on acute GVHD [155]. Thus, the
Th1/Th2 paradigm of donor T cells in the immunopathogenesis of acute GVHD
has evolved over the last few years and its causal role in acute GVHD is complex
and incompletely understood. IL-10 plays a key role in suppression of immune
responses and its role in regulating experimental acute GVHD is unclear [156].
Recent clinical data demonstrate an unequivocal association of IL-10 polymor-
phisms with the severity of acute GVHD [157]. TGF-b, another suppressive cytokine
was shown to suppress acute GVHD but to exacerbate chronic GVHD [158].
The roles of some other cytokines, such as IL-7 (that promotes immune reconsti-
tution) and IL-13, remain unclear [159–162]. The role for Th17 cells, a recently
described novel T cell differentiation in many immunological processes, is not yet
known [163]. In any case, all of the experimental data so far collectively suggest that
the timing of administration, the production of any given cytokine, the intensity of
the conditioning regimen, and the donor-recipient combination may all be critical to
the eventual outcome of acute GVHD.

5. Leukocyte migration: Donor T cells migrate to lymphoid tissues, recognize
alloantigens on either host or donor APCs, and become activated. They then exit
the lymphoid tissues and traffic to the target organs and cause tissue damage [164].
The molecular interactions necessary for T cell migration and the role of lymphoid
organs during acute GVHD have recently become the focus of a growing body of
research. Chemokines play a critical role in the migration of immune cells to
secondary lymphoid organs and target tissues [165]. T-lymphocyte production of
macrophage inflammatory protein-1alpha is critical to the recruitment of CD8+ but
not CD4+ T cells to the liver, lung, and spleen during acute GVHD [166]. Several
chemokines such as CCL2-5, CXCL2, CXCL9-11, CCL17, and CCL27 are
overexpressed and might play a critical role in the migration of leukocyte subsets
to target organs liver, spleen, skin, and lungs during acute GVHD [164, 167].
CXCR3+ T and CCR5+ T cells cause acute GVHD in the liver and intestine [164,
168–170]. CCR5-expression has also been found to be critical for Treg migration
in GVHD [171]. In addition to chemokines and their receptors, expression of
selectins and integrins and their ligands also regulate the migration of inflamma-
tory cells to target organs [165]. For example, interaction between a4b7 integrin
and its ligand MadCAM-1 are important for homing of donor T cells to Peyer’s
patches and in the initiation of intestinal GVHD [43, 172]. aLb2/ICAM1, 2, 3 and
a4b1/VCAM-2 interactions are important for homing to the lung and liver after
experimental HCT [164]. The expression of CD62L on donor Tregs is critical for
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their regulation of acute GVHD suggesting that their migration in secondary
tissues is critical for their regulatory effects [64]. The migratory requirement of
donor T cells to specific lymph nodes (e.g., Peyer’s patches) for the induction of
GVHD might depend on other factors such as the conditioning regimen, inflam-
matory milieu, etc. [43, 173]. Furthermore, FTY720, a pharmacologic sphingo-
sine-1-phosphate receptor agonist, inhibited GVHD in murine but not in canine
models of HCT [174, 175]. Thus, there might also be significant species differ-
ences in the ability of these molecules to regulate GVHD.
C. Phase 3: Effector Phase

The effector phase that leads to the GVHD target organ damage is a complex
cascade of multiple cellular and inflammatory effectors that further modulate each
reciprocal response, either simultaneously or successively. Effector mechanisms of
acute GVHD can be grouped into cellular effectors [e.g., Cytotoxic T cells (CTLs)]
and inflammatory effectors such as cytokines. Inflammatory chemokines expressed
in inflamed tissues upon stimulation by proinflammatory effectors such as cyto-
kines are specialized for the recruitment of effector cells, such as CTLs [176].
Furthermore, the spatio-temporal expression of the cytochemokine gradients might
determine not only the severity but also the unusual cluster of GVHD target organs
(skin, gut, and liver) [164, 177].

1: Cellular effectors: CTLs are the major cellular effectors of GVHD
[178, 179]. The Fas–Fas ligand (FasL), the perforin–grazyme (or granule exocy-
tosis), and TNFR-like death receptors (DR), such as TNF-related apoptosis-
inducing ligand (TRAIL: DR4, 5 ligand) and TNF-like weak inducers of apoptosis
(TWEAK: DR3 ligand) are the principle CTL effector pathways that have been
evaluated after allogeneic BMT [179–184]. The involvement of each of these
molecules in GVHD has been testing by utilizing donor cells that are unable to
mediate each pathway. Perforin is stored in cytotoxic granules of CTLs and NK
cells, together with granzymes and other proteins. Although the exact mechanisms
remain unclear, following the recognition of a target cell through the TCR-MHC
interaction, perforin is secreted and inserted into the cell-membrane, forming
‘‘perforin pores’’ that allow granzymes to enter the target cells and induce apop-
tosis through various downstream effector pathways such as caspases [185].
Ligation of Fas results in the formation of the death-inducing signaling complex
and also activates caspases [186, 187].

Transplantation of perforin-deficient T cells results in a marked delay in the
onset of GVHD in transplants across MiHA disparities only, both MHC and MiHA
disparities, and across isolated MHC I or II disparities [179, 188–192]. However,
mortality and clinical and histological signs of GVHD were still induced in these
studies, even in the absence of perforin-dependent killing, demonstrating that the
perforin–granzyme pathways play little role in target-organ damage. A role for the
perforin–granzyme pathway for GVHD induction is also evident in studies
employing donor-T cell subsets. Perforin- or granzyme B-deficient CD8+ T cells
caused less mortality than wild-type T cells in experimental transplants across a
single MHC Class I mismatch. This pathway, however, seems to be less important
compared to Fas/FasL pathway in CD4-mediated GVHD [191–193]. Thus,
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it seems that CD4+ CTLs preferentially use the Fas-FasL pathway, whereas CD8+

CTLs primarily use the perforin–granzyme pathway.
Fas, a TNF-receptor family member, is expressed by many tissues, including

GVHD target organs [194]. Its expression can be upregulated by inflammatory
cytokines such as IFN-c and TNF-a during GVHD, and the expression of FasL is
also increased on donor T cells, indicating that FasL-mediated cytotoxicity may be
a particularly important effector pathway in GVHD [179, 195]. FasL-defective T
cells cause less GVHD in the liver, skin and lymphoid organs [190, 193, 195].
The Fas–FasL pathway is particularly important in hepatic GVHD, consistent with
the keen sensitivity of hepatocytes to Fas-mediated cytotoxicity in experimental
models of murine hepatitis [179]. Fas-deficient recipients are protected from
hepatic GVHD, but not from other organ GVHD, and administration of anti-FasL
(but not anti-TNF) MAbs significantly blocked hepatic GVHD damage occurring
in murine models [179, 196, 197]. Although the use of FasL-deficient donor T cells
or the administration of neutralizing FasL MAbs had no effect on the development
of intestinal GVHD in several studies, the Fas–FasL pathway may play a role in
this target organ, because intestinal epithelial lymphocytes exhibit increased
FasL-mediated killing potential [198]. Elevated serum levels of soluble FasL and
Fas have also been observed in at least some patients with acute GVHD [199, 200].

The utilization of a perforin–granzyme and FasL cytotoxic double-deficient
(cdd) mouse provides an opportunity to address whether other effector pathways
are capable of inducing GVHD target organ pathology. An initial study demon-
strated that cdd T cells were unable to induce lethal GVHD across MHC class I
and class II disparities after sublethal irradiation [189]. However, subsequent
studies demonstrated that cytotoxic effector mechanisms of donor T cells are
critical in preventing host resistance to GVHD [183, 201]. Thus, when recipients
were conditioned with lethal doses of irradiation, cdd CD4+ T cells produced
similar mortality to wild-type CD4+ T cells [183]. These results were confirmed by
a recent study demonstrating that GVHD target damage can occur in mice that lack
alloantigen expression on the epithelium, preventing direct interaction between
CTLs and target cells [184].

The participation of another death ligand receptor signaling pathway,
TNF/TNFRs, has also been evaluated. Experimental data suggest that this pathway
is crucial for GI GVHD (discussed below). Recently, several additional TNF
family apoptosis-inducing receptors/ligands have been identified, including
TWEAK, TRAIL, and LTb/LIGHT; all three have all been proposed to play a role
in GVHD and GVL responses [75, 202–208]. However, whether these distinct
pathways play a more specific role for GVHD mediated by distinct T cell subsets
in certain situations remains unknown. Intriguingly, recent data suggest that none
of these pathways may be critical for mediating the rejection of donor grafts
[202, 209]. Thus it is likely that their role in GVHD may be modulated by the
intensity of conditioning and by the recipient T cell subsets. Existing experimental
data suggest that perforin and TRAIL cytotoxic pathways are associated with
CD8+ T cell-mediated GVL [179]. The available experimental data are strongly
skewed toward CD8+ T cell-mediated GVL, based on the dominant role of this
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effector population in most murine GVT models; however, CD4+ T cells can
mediate GVL and might be crucial in clinical BMT depending on the type of
malignancy and the expression of immunodominant antigens.

Taken together, although experimental data suggest there might be some
distinction between the use of different lytic pathways for the specific GVHD
target organs and GVL, the clinical applicability of these observations is as yet
largely unknown.

2. Inflammatory effectors: Inflammatory cytokines synergize with CTLs
resulting in the amplification of local tissue injury and further promotion of an
inflammation, which ultimately leads to the observed target tissue destruction in
the transplant recipient [20]. Macrophages which had been primed with IFN-c
during step 2 produce inflammatory cytokines TNF-a and IL-1, when stimulated
by a secondary triggering signal [210]. This stimulus may be provided through
Toll-like receptors (TLRs) by microbial products such as LPS and other microbial
particles, which can leak through the intestinal mucosa damaged by the condi-
tioning regimen and gut GVHD [211, 212]. It is now apparent that immune rec-
ognition through both TLR and non-TLRs (such as NOD) by the innate immune
system also controls activation of adaptive immune responses [211, 213]. Recent
clinical studies of GVHD suggested the possible association with TLR/NOD
polymorphisms and severity of GVHD [214–216]. LPS and other innate stimuli
may stimulate gut-associated lymphocytes, keratinocytes, dermal fibroblasts, and
macrophages to produce pro-inflammatory effectors that play a direct role in
causing target organ damage. Indeed, experimental data with MHC-mismatched
BMT suggest that, under certain circumstances, these inflammatory mediators are
sufficient in causing GVHD damage even in the absence of direct CTL-induced
damage [47]. The severity of GVHD appears to be directly related to the level of
innate and adaptive immune cell priming and release of pro-inflammatory cyto-
kines such as TNF-a, IL-1, and nitric oxide (NO) [47, 212, 217–219].

The cytokines TNF-a and IL-1 are produced by an abundance of cell types
during processes of both innate and adaptive immunity; they often have synergistic,
pleiotrophic, and redundant effects on both activation and effector phases of GVHD
[135]. A critical role for TNF-a in the pathophysiology of acute GVHD was first
suggested over 20 years ago, because mice transplanted with mixtures of allogeneic
BM and T cells developed severe skin, gut, and lung lesions that were associated
with high levels of TNF-a mRNA in these tissues [220]. Target organ damage could
be inhibited by infusion of anti-TNF-a MAbs, and mortality could be reduced from
100 to 50% by the administration of the soluble form of the TNF-a receptor
(sTNFR), an antagonist of TNF-a [37, 40, 218]. Accumulating experimental data
further suggests that TNF-a is involved in a multistep process of GVHD patho-
physiology. TNF-a can: (1) cause cachexia, a characteristic feature of GVHD; (2)
induce maturation of DCs, thus enhancing alloantigen presentation; (3) recruit
effector T cells, neutrophilis, and monocytes into target organs through the
induction of inflammatory chemokines; and (4) cause direct tissue damage by
inducing apoptosis and necrosis. TNF-a is also involved in donor-T cell activation
directly through its signaling via TNFR1 and TNFR2 on T cells. TNF-TNF1
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interactions on donor T cells promote alloreactive T cell responses and
TNF–TNFR2 interactions are critical for intestinal GVHD [205, 221]. TNF-a also
seems to be important effector molecules in GVHD in skin and lymphoid tissue
[220, 222]. Additionally, TNF-a might also be involved in hepatic GVHD, probably
by enhancing effector cell migration to the liver via the induction of inflammatory
chemokines [223]. An important role for TNF-a in clinical acute GVHD has been
suggested by studies demonstrating elevated serum levels or TNF-a or elevated
TNF-a mRNA expression in peripheral blood mononuclear cells in patients with
acute GVHD and other endothelial complications, such as hepatic VOD [223–226].
Phase I-II trials using TNF-a antagonists reduced the severity of GVHD suggesting
that it is a relevant effector in causing target organ damage [227, 228].

The second major pro-inflammatory cytokine that appears to play an important
role in the effector phase of acute GVHD is IL-1 [229]. Secretion of IL-1 appears
to occur predominantly during the effector phase of GVHD of the spleen and skin,
two major GVHD target organs [230]. A similar increase in mononuclear cell IL-1
mRNA has been shown during clinical acute GVHD. Indirect evidence of a role
for IL-1 in GVHD was obtained with administration of this cytokine to recipients
in an allogeneic murine BMT model. Mice receiving IL-1 displayed a wasting
syndrome and increased mortality that appeared to be an accelerated form of
disease. By contrast, intra-peritoneal administration of IL-1ra starting upon d-10
post-transplant was able to reverse the development of GVHD in the majority of
animals, providing a significant survival advantage to treated animals [231].
However, the attempt to use IL-1ra to prevent acute GBHD in a randomized trial
was not successful [232].

As a result of activation during GVHD, macrophages also produce NO, which
contributes to the deleterious effects on GVHD target tissues, particularly immu-
nosuppression [219, 233]. NO also inhibits the repair mechanisms of target tissue
destruction by inhibiting proliferation of epithelial stem cells in the gut and skin
[234]. In humans and rats, the development of GVHD is preceded by an increase in
serum levels of NO oxidation products [235–238].

Existing data demonstrate important role for various inflammatory effectors in
GVHD. The relevance of currently studied or as yet unknown specific effectors
could still be determined by other factors, including the intensity of preparatory
regimens, the type of allograft, the T cell subsets, and the duration of BMT. In any
event, both experimental and clinical data suggest an important role for both the
cellular and inflammatory mediators in GVHD-induced target organ damage.

16.4 Prevention of Acute GVHD

Elimination of T cells with mAbs, immunotoxins, lectins, CD34 columns, or
physical techniques are effective at reducing GVHD. A typical unmanipulated
marrow transplant entails the infusion of * 107 T cells per kg of recipient weight.
A T cell dose\105/kg has been associated with complete control of GVHD [239].
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More recently the combination of very high stem cell numbers and\3 9 104 CD3
cells/kg allowed haploidentical transplantation without GVHD [240]. Presumably,
host immune cells that survive the initial conditioning are responsible for graft
rejection. When the stem cell source contains a large number of T cells, the GVHD
reaction further reduces the residual population capable of alloreactivity, thus
decreasing graft rejection. To some degree, the higher graft failure rates may be
controlled by increasing the intensity of the immunosuppression of the condi-
tioning regimen, or adding T cells back in [241–243]. Overall, there has been no
improvement in survival that can be definitively attributed to T cell depletion.

Treatment of established GVHD with specific T cell antibodies has produced
mixed results. While anti-thymocyte globulin has definite activity in established
GVHD, the nonspecific clearance of T cells may result in increased opportunistic
infections and no improvement in survival [18, 244, 245]. More specific therapy
with humanized anti-IL-2 receptor antibody, the humanized anti-CD3 antibody, is
promising since it offers the potential to selectively remove the activated T cells
[246–250]. However, an increased risk of infection may still be observed [251].

The first generally prescribed GVHD preventive regimen was the administra-
tion of intermittent low dose methotrexate as developed in a dog model by Thomas
and Storb [252]. The principle of this approach was to administer a cell-cycle-
specific chemotherapeutic agent immediately after the transplant, when the T cells
have started to divide after exposure to allogeneic antigens. Subsequently, the
addition of anti-thymocyte globulin, prednisone, or both resulted in incremental
improvement in the GVHD rate but no improvement in survival [253, 254].
Ultimately the course of methotrexate was abbreviated and combined with a T cell
activation inhibitor, such as CSP or tacrolimus. The introduction of CSP in the late
1970s was a significant advance in GVHD prevention. A similar agent, tacrolimus,
has been shown to provide similar control of GVHD [255]. As a single agent, CSP
was about as effective as methotrexate [256]. However, in combination with
methotrexate, there was a significant reduction in the incidence of GVHD and an
improvement in survival [257]. Subsequent trials of tacrolimus and methotrexate,
as compared with CSP and methotrexate, showed no advantage for either com-
bination [255]. The addition of prednisone to the conventional two-drug regimen
resulted in similar rates of GVHD and no improvement in survival [258].

Sirolimus (rapamycin) is a macrocyclic lactone immunosuppressant that is
similar in structure to tacrolimus and CSP. All three drugs bind to immunophilins;
however, sirolimus complexed with FKBP12 inhibits T cell proliferation by
interfering with signal transduction and cell-cycle progression and can prevent
GVHD [259]. Because Sirolimus acts through a separate mechanism from the
tacrolimus-FKBP complex (and cyclosporine–cyclophilin complex), it is syner-
gistic with both tacrolimus and CSP. More recently, mycophenolate mofetil
(MMF) has been studied. It is the prodrug of mycophenolic acid (MPA) a selective
inhibitor of inosine monophosphate dehydrogenase, an enzyme critical to the de
novo synthesis of guanosine nucleotide. Since T lymphocytes are more dependent
on such synthesis than myeloid or mucosal cells, MPA preferentially inhibits
proliferative responses of T cells [260].
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One hypothesis that flows from the three-step model of GVHD is that reduction
of intestinal colonization with bacteria could prevent GVHD. Animal studies in
germ-free environments support this notion, where GVHD was not observed until
mice were colonized with gram-negative organisms [261]. Later, gut decontami-
nation and use of a laminar air flow environment was associated with less GVHD
and better survival in patients with severe aplastic anemia [262]. Similarly, studies
of intestinal decontamination in patients with malignancies have shown less GVHD
in some, but not all, studies [263–265]. Finally, another recent approach to GVHD
prevention has been the use of nonmyeloablative conditioning transplants. This less
intensive preparative regimen decreases the tissue toxicity and subsequent release
of cytokines in animal models [40, 266]. Patients generally experience mild toxicity
in the initial peritransplant period and develop little or no GVHD, although many
develop GVHD later, especially after donor lymphocyte infusions. In fact, the rates
of GVHD are often higher than with conventional transplants, and GVHD is
associated with a significant portion of the GVL effect [267, 268].

An important role for TNF-a in clinical acute GVHD has been suggested by
studies demonstrating elevated levels of TNF-a in the serum of patients with acute
GVHD and other endothelial complications such as VOD [269–272]. Therapy of
GVHD with humanized anti-TNF-a (infliximab) or a dimeric fusion protein con-
sisting of the extracellular ligand-binding portion of the human TNF-a receptor
(TNFR) linked to the Fc portion of human IgG1 (etanercept) have shown some
promise [273–275]. The second major proinflammatory cytokine that appears to
play an important role in the effector phase of acute GVHD is IL-1. Secretion of
IL-1 appears to occur predominantly during the effector phase of GVHD in the
spleen and skin, two major GVHD target organs [276]. IL-1 receptor antagonist
(IL-1RA) is a naturally occurring pure competitive inhibitor of IL-1 that is pro-
duced by monocytes/macrophages and keratinocytes. Interestingly, the IL-1RA
gene is polymorphic and the presence in the donor of the allele that is linked to
higher secretion of IL-1RA was associated with less acute GVHD [277]. Two
phase I/II trials showed promising data that specific inhibition of IL-1 with either
the soluble receptor or IL-1RA could result in remissions in 50–60% of patients
with steroid-resistant GVHD [278, 279]. But a subsequent randomized trial of the
addition of IL-1RA or placebo to CSP and methotrexate beginning at the time of
conditioning and continuing through day 14 after stem cell infusion did not show
any protective effect of the drug, despite the attainment of very high plasma levels
[232, 280]. Thus, at least as administered in this study, IL-1 inhibition was
insufficient to prevent GVHD in humans. IL-11 was also able to protect the GI
tract in animal models and prevent GVHD, but it did not prevent clinical GVHD
[280]. Thus not all preclinical strategies successfully translate into new therapies.

Therapy for acute GVHD
Glucocorticoid steroids are the initial therapy for acute GVHD. The mechanisms
by which steroids work are multifactorial, they act as lympholytic agents and
inhibit the release of inflammatory cytokines such as IL-1, IL-2, IL-6, gamma
interferon, and TNF-a. Because of its intravenous availability, methylprednisolone
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is the steroid most commonly given for acute GVHD. Various dosing regimens
have been used, none of which is clearly superior. High-bolus doses (10–20 mg/kg
or 500 mg/m2) have higher initial response rates, but flares on tapering and
opportunistic infections are common. Both the Seattle and Minnesota transplant
groups have found that treatment with steroids was as effective as, or more
effective than, other therapies or combination of therapies, with 20–40% of
patients having durable long-term responses [281, 282]. Long-term salvage rates
for patients who did not respond to steroids were 20% or less; most patients
eventually died from infection, acute GVHD, and/or chronic GVHD. More
recently, a randomized trial demonstrated that topical therapy with oral budosenide
can have prednisone-sparing effects and is efficacious in treatment of GI GVHD
[283]. Clinically, two types of failure of corticosteroid treatment of acute GVHD
can be distinguished: true steroid resistance, i.e. progression of GVHD symptoms
and manifestations while patients are receiving full dose corticosteroid treatment;
and steroid dependence, i.e. re-occurrence (or flare) of GVHD during/or after
tapering of steroid treatment [284]. In general, the prognosis with true steroid-
resistant GVHD is worse than the prognosis of steroid-dependent patients [284]. A
comparison of trials dealing with steroid resistant GVHD is hampered by variable
inclusion of both patient groups in many of these trials. A variety of agents has
been tested, including chemical immunosuppressants such as MMF, ATG, anti-
CD3 anti-T cell antibodies, as well as more specific agents directed against acti-
vation or adhesion molecules anti-CD25, anti-CD147 or cytokines, or extracor-
poreal photopheresis [284, 285]. To date, there are no randomized trails testing one
versus the other in this clinical situation.

Other Supportive Approaches
Infections are the main cause of death in patients with steroid-refractory acute
GVHD, so careful surveillance and control of infections is mandatory in patients
with acute GVHD. Fungal infections, especially aspergillosis, are the leading
complication. Prophylaxis and early aggressive treatment should be facilitated by
the introduction of new azoles (voriconazole and posiconozole) or echinocandins
(caspofungin, micafungin), which broaden therapeutic efficacy with acceptable
toxicity. A variety of further supplementary approaches have been suggested, such
as large volumes of diarrhea, might be controlled by the use of octreotide and oral
beclomethasone (or budesonide) [283, 286].

16.4.1 Chronic Graft-Versus-Host Disease

Chronic GVHD was initially defined as a GVHD syndrome presenting more than
100 days after transplant; its onset occurred either as an extension of acute GVHD
(progressive), after a disease-free interval (quiescent), or with no precedent
(de novo) [287, 288]. Chronic GVHD may be limited or extensive (Table 16.3).
Any grade of acute GVHD increases the probability of chronic GVHD, although
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no singular pathologic feature of the former predicts the development of the latter.
Its incidence ranges from 30 to 60% after transplantation with the bone marrow,
although it may be higher after peripheral blood progenitor transplants [289].

As with acute GVHD, the immune system appears to be affected in all patients,
who are highly susceptible to bacterial, viral, fungal, and opportunistic infections.
Specific abnormalities of cellular immunity include decreases in the production of
antibodies against specific antigens, defects in the number and function of CD4+ T
cells, and increases in the number of nonspecific suppressor cells, which further
diminish lymphocyte responses. About 80% of patients have skin changes
resembling widespread lichen planus with papulosquamous dermatitis, plaques,
desquamation, dyspigmentation, and vitiligo [268, 290]. Destruction of dermal
appendages leads to alopecia and onychodysplasia. Severe chronic GVHD of the
skin can resemble scleroderma, with induration, joint contractures, atrophy, and
chronic skin ulcers. Chronic cholestatic liver disease occurs in 80% of patients and
often resembles acute GVHD; it rarely progresses to cirrhosis. Severe mucositis of
the mouth and esophagus can result in weight loss and malnutrition. Intestinal
involvement, however, is infrequent [268, 290]. Chronic GVHD also produces a
sicca syndrome, with atrophy and dryness of mucosal surfaces caused by
lymphocytic destruction of exocrine glands, usually affecting the eyes, mouth,
airways, skin, and esophagus [22, 290, 291]. The hematopoietic system may also
be affected, and thrombocytopenia is an unfavorable prognostic factor in patients
with chronic GVHD [268]. Important predictors of unfavorable outcome are
progressive onset, lichenoid skin changes, elevated serum bilirubin level, contin-
ued thrombocytopenia, and failure to respond in 9 months of therapy [268,
292–294]. Among patients with none of these risk factors, 70% are expected to
survive, compared with less than 20% survival in patients with two or more of
these risk factors [294].

Histologic examination of the immune system reveals involution of thymic
epithelium, disappearance of Hassall’s corpuscles, depletion of lymphocytes, and
absence of secondary germinal centers in lymph nodes [295]. Pathologic skin
findings include epidermal atrophy with changes characteristic of lichen planus
and striking inflammation around eccrine units. Sclerosis of the dermis and fibrosis
of the hypodermis subsequently develop. GI lesions include localized inflamma-
tion of the mucosa and stricture formation in the esophagus and small intestine
[290]. Histologic findings in the liver are often similar to those that occur in acute
GVHD but are more intense, with chronic changes such as fibrosis with hyalini-
zation of portal triads, obliteration of bile ducts, and hepatocellular cholestasis
[268]. The endocrine glands of the eyes, mouth, esophagus, and bronchi show
destruction focused on centrally draining ducts, with secondary involvement of
alveolar components [295]. Findings of bronchiolitis obliterans, similar to those
that occur in rejection of lung transplants, are now generally considered a
pulmonary manifestation of chronic GVHD, although the pathogenesis of this
process remains unclear [295].
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16.4.1.1 Clinical Manifestations of Chronic GVHD

Chronic GVHD can present with a plethora of clinical manifestations. Because of
its unpredictable pattern and the late onset when patients are no longer receiving
care at their transplant center, the diagnosis is often delayed or not recognized.
The staging of chronic GVHD is summarized in Table 16.4. However, the recently
developed NIH Consensus Criteria, upon validation, might soon become the
standard for diagnosing and evaluating responses for chronic GVHD [296, 297].

Dermatological: Skin involvement in chronic GVHD presents with varied
features. Lichenoid chronic GVHD presents as an erythematous, papular rash that
resembles lichen planus with no typical distribution pattern [22]. Scleradermatous
GVHD may involve the dermis and/or the muscular fascia and clinically resembles
systemic sclerosis. The skin is thickened, tight, and fragile, with very poor wound-
healing. Either hypopigmentation or hyperpigmentation may occur. In severe
cases, the skin may become blistered and ulcerate. Hair changes can include
increased brittleness, premature graying, and alopecia. Fingernails and toenails
may also be affected by chronic GVHD. Destruction of sweat glands can cause
hyperthermia [298].

Ocular: Ocular GVHD usually presents with xerophthalmia or dry eyes.
Irreversible destruction of the lacrimal glands results in dryness, photophobia, and
burning. Local therapy with preservative-free tears and ointment or the placement
of punctal plugs by an ophthalmologist might be required. Conjunctival GVHD,
a rare manifestation of severe chronic GVHD, has a poor prognosis [22, 298].

Table 16.4 Commonly administered drugs for GVHD prophylaxis and treatment

Drug Mechanism Adverse effects

Corticosteroids Direct lymphocyte toxicity; suppress
pro-inflammatory cytokines such
as TNF-a

Hyperglycemia; acute psychosis; severe
myopathy; neuropathy; osteoporosis;
cataract development

Methotrexate
(MTX)

Antimetabolite: inhibit T cell
proliferation

Significant renal, hepatic, and
gastrointestinal toxicities

Cyclosporine A
(CSA)

IL-2 suppressor; blocks Ca2+

dependent signal transduction
distal to TCR engagement

Renal and hepatic insufficiency;
hypertension; hyperglycemia;
headache; nausea and vomiting;
hirsutism; gum hypertrophy; seizure
with severe toxicity

Tacrolimus
(FK506)

IL-2 receptor; blocks Ca2+

dependent signal transduction
distal to TCR engagement

Similar to CSA

Mycophenolate
mofetil
(MMF)

Inhibits de novo purine synthesis Body aches; abdominal pain; nausea and
vomiting; diarrhea; neutropenia

Sirolimus mTOR inhibitor Thrombocytopenia; hyperlipidemia;
TTP

Antithymocyte
globulin
(ATG)

Polyclonal immunoglobulin Anaphylaxis; serum sickness
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Oral: Oral GVHD causes xerostomia and/or food sensitivity [298]. More
advanced disease may cause odynophagia due to esophageal damage and
strictures, although esophageal involvement occurs rarely without oral disease.
Physical examination may reveal only erythema with a few white plaques,
prompting a misdiagnosis of thrush or herpetic infections. Lichenoid changes in
advanced disease can cause extensive plaque formation [22].

Gastrointestinal: Patients with chronic GVHD have GI complaints that mimic
other disease states, including acute GVHD, infection, dysmotility, lactose intol-
erance, pancreatic insufficiency, and drug-related side effects. In one retrospective
review of the intestinal biopsies of patients with chronic GVHD and persistent GI
symptoms, a majority of patients had evidence of both acute and chronic GVHD,
and only 7% of the patients had isolated chronic GVHD [22, 290]. Thus, although
chronic GVHD may involve the GI tract alone, it may be difficult to diagnose in
those circumstances without concurrent acute GVHD.

Hepatic: Hepatic disease typically presents as cholestasis with elevated serum
levels of alkaline phosphatase and bilirubin. Isolated hepatic chronic GVHD has
become more common with the increasing use of donor lymphocyte infusions [10].
Liver biopsy is required to confirm the diagnosis of chronic hepatic GVHD in
patients with no other target organ involvement.

Pulmonary: Bronchiolitis obliterans is a late and serious manifestation of
chronic GVHD. Patients typically present with cough or dyspnea [298]. Severe
sclerotic disease of the chest wall may also give rise to similar symptoms with no
intrinsic pulmonary disease. Pulmonary function tests demonstrate obstructive
physiology and a reduction in DLCO. Chest computed tomography results may be
normal or may show hyperinflation with a ground glass appearance. Overall,
patients with bronchiolitis obliterans have minimal response to therapy and a very
poor prognosis. Patients with chronic GVHD are also at risk for chronic sino-
pulmonary infections but symptoms may be minimal [22].

Hematopoietic: Cytopenias in chronic GVHD are common. This may be a
result of stromal damage, but autoimmune neutropenia, anemia, and/or thrombo-
cytopenia are also seen. Thrombocytopenia at the time of chronic GVHD diag-
nosis is associated with poor prognosis. However, thrombocytopenia post-
transplant is a poor prognostic factor regardless of GVHD and eosinophilia is
occasionally seen with chronic GVHD [298].

Immunologic: Chronic GVHD is inherently immunosuppressive. Functional
asplenia with an increased susceptibility to encapsulated bacteria is common, and
circulating Howell-Jolly bodies can be seen on peripheral blood smear. Patients
are also at risk for invasive fungal infections and Pneumocystis carinii pneumonia
(PCP) [298]. Hypoglobulinemia is common and patients with levels below
500 mg/dL should be supplemented with intravenous immunoglobulin [298].

Musculoskeletal: Fascial involvement in sclerodermatous GVHD is usually
associated with skin changes. Fasciitis in joint areas can cause severe restriction of
range of motion. Muscle cramps are a common complaint in patients with chronic
GVHD, but myositis with elevated muscle enzymes is rare. Many patients with
chronic GVHD are on steroid therapy and have low levels of sex hormone
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post-transplant, avascular necrosis, osteopenia, and osteoporosis are thus frequent
complications [298].

Although several cases have been described, whether kidneys, which are are
primary targets in some animal models of chronic GVHD, are also involved is yet
to be determined in large studies [299]. Among the myriad clinical features of
chronic GVHD, three definitive signs appear to be risk factors for increased
mortality: (1) extensive skin GVHD involving[50% of the body surface area; (2)
platelet count of \100,000/lL; and (3) progressive onset and acute GVHD that
continues uninterrupted beyond day 100 [300]. However, chronic GVHD remains
and, except in those with obvious features, it is a hard diagnosis and even harder to
assess in terms of response to therapy. Recent criteria established by NIH con-
sensus conference might prove to be beneficial in establishing uniform criteria for
diagnosis, treatment, and response [297]. The NIH consensus criteria are currently
in the process being evaluated.

16.4.1.2 Differential Diagnosis

The distinction between chronic and acute GVHD has traditionally been based on
the time of onset. However, with the advent of low intensity HCT that distinction
has become somewhat moot. The NIH Working Group has, in addition to the two
main categories of GVHD, added two subcategories. The broad category of acute
GVHD includes: (1) classic acute GVHD (maculopapular rash, nausea, vomiting,
anorexia, profuse diarrhea, ileus, or cholestatic hepatitis) occurring within
100 days after transplantation or donor leukocyte infusion (DLI) (without
diagnostic or distinctive signs of chronic GVHD); and (2) persistent, recurrent, or
late acute GVHD: features of classic acute GVHD without diagnostic or distinctive
manifestations of chronic GVHD occurring beyond 100 days of transplantation or
DLI (often seen after withdrawal of immune suppression). The broad category of
chronic GVHD includes: (1) classic chronic GVHD without features characteristic
of acute GVHD; and (2) an overlap syndrome in which features of chronic and
acute GVHD appear together. In the absence of histologic or clinical signs or
symptoms of chronic GVHD, the persistence, recurrence, or new onset of char-
acteristic skin, GI tract, or liver abnormalities should be classified as acute GVHD,
regardless of the time after transplantation. With appropriate stratification, patients
with persistent, recurrent, or late/acute GVHD or overlap syndrome can be
included in clinical trials with patients who have chronic GVHD.

16.4.2 Chronic GVHD: Pathophysiology

The pathophysiology of chronic GVHD is generally much less well understood
than that of acute GVHD and has undergone less intensive experimental modeling
[22]. It is important to recognize that chronic GVHD was originally defined as a
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temporal rather than a clinical or pathophysiological entity. The initial clinical
reports of chronic GVHD described abnormalities that occurred at least 150 days
after stem cell infusion [301, 302]. By convention, day 100 after stem cell infusion
is used as an arbitrary divider between acute and chronic GVHD. But some
manifestations of acute GVHD occur after day 100 and some manifestations of
chronic GVHD may occur before day 100 [22, 298]. Thus, it is preferable to
consider the clinical symptoms and signs per se rather than their timing of onset.

Relatively little is known about the pathophysiology of chronic GVHD. This is
due in part to the absence of appropriate animal models that can capture the
kinetics and the protean manifestation of chronic GVHD [303]. Based on certain
clinical features, chronic GVHD has been considered to be an ‘‘autoimmune’’
disease, with some experimental data suggesting that chronic GVHD results from
defective central negative selection leading to the generation of autoreactive
clones that escape tolerogenic mechanisms operating in the periphery [304, 305].
This would indicate that the nonpolymorphic antigens expressed in both the donor
and recipient, rather than MiHA antigens, are the likely targets. In contrast to T
cells from animals with acute GVHD that are specific for host alloantigens, T cells
from animals with chronic GVHD are specific for a public (common) determinant
of MHC Class II molecules [306, 307]. These T cells are considered autoreactive
because they recognize public MHC Class II determinants that are common to both
donor and recipient, rather than polymorphic histocompatibility antigens that are
specific for the host. The autoreactive cells of chronic GVHD are associated with a
damaged thymus, which can be injured by several mechanisms including acute
GVHD, the conditioning regimen, or age-related involution and atrophy.
In chronic GVHD the ability of the thymus to delete autoreactive T cells (negative
selection) and to induce tolerance is impaired [22, 308, 309]. However, no clear
data exist on the isolation of ‘‘autoreactive’’ donor-derived T cell clones that
equally recognize nonpolymorphic antigens from the donor and recipient cells.
This, though, does not directly preclude the existence or a causative role for
‘‘autoreactive’’ T cells. Chronic GVHD could also be a product of T cells that have
undergone relatively chronic antigen stimulation due the presence of inexhaustible
and ubiquitous MiHA antigens. Allo-T cells under circumstances of chronic MiHA
antigen stimulation can induce syndromes resembling those induced by the chronic
antigen stimulation in autoimmune diseases. This concept is also consistent with
the proposal of acute GVHD as a risk factor for chronic GVHD. The antigens
targeted in chronic GVHD could be the same dominant ones targeted in acute
GVHD, but the reactive T cells could be different; for example, they may secrete
TGF-b. But antigens other than those that were initially immunodominant, even
those not initially targeted but introduced through epitope spread—either the
nonpolymorphic ‘‘auto-antigens’’ or now distinct MiHAs—could be important. It
is also conceivable that regulatory mechanisms may frequently fail in allo-HCT,
resulting in activation and expansion of T cells that recognize both nonpolymor-
phic and MiHA epitopes. One murine study suggested that development of chronic
GVHD-like syndrome is target antigen-dependent [68]. Furthermore, chronic
GVHD pathogenesis could, in part, be a consequence of T cell priming by donor-
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derived APCs [69]. In some patient subsets, responses to rituximab, presence of
MiHA-specific antibodies, and the presence of chronic GVHD after T cell-
depleted (TCD) allo-BMT would indicate that, in addition to donor T cells, donor
B cells might either have direct effector role or prime T cells as APCs [310, 311].
It is important to understand that, given the myriad clinical presentation of chronic
GVHD that tend to occur at variable time after HCT, it is possible that separate
pathogenic mechanisms might be involved in causing distinct manifestations and
that no single putative mechanism might be sufficient to cause chronic GVHD.

16.5 Therapy for Chronic GVHD

Chronic GVHD has a major impact on both QOL and survival, frequently involves
multiple organs, and necessitates prolonged immunosuppressive therapy [312]. One
report noted that 15% of cancer-free patients were still receiving immunosuppressive
therapy after 7 years [313]. The more severe forms of chronic GVHD are clearly
associated with less disease-free survival. Thus, the potential benefit of a graft-
versus-leukemia effect is shadowed by significant treatment-related mortality [313].

Current therapies for chronic GVHD are of limited efficacy and there is no
long-term satisfactory regimen for patients who fail front-line steroid-based
therapy. Indeed, there is no Food and Drug Administration-approved medication
for use in chronic GVHD. The lack of standardized response criteria to measure
therapeutic efficacy poses a major obstacle to pursuing therapeutic trials in chronic
GVHD. Overall survival and/or discontinuation of systemic immunosuppression
are accepted long-term endpoints in chronic GVHD trials. The recent National
Institutes of Health (NIH)-sponsored consensus project provided for the first time a
set of standardized measures and definitions to use as response criteria in chronic
GVHD [296, 297]. Nonetheless, these recommendations are yet be tested and
validated in prospective studies. The NIH Consensus Conference has defined
response measures classified in two main groups: clinician-assessed and patient-
reported (see below) [303].

Measure Clinician-assessed Patient-reported

I. Chronic GVHD-specific core measures
Signs Organ-specific measures Not applicable
Symptoms Clinician-assessed symptoms Patient-reported symptoms
Global rating Mild, moderate, or severe Mild, moderate, or severe

0–10 Severity scale 0–10 Severity scale
Seven-point change scale Seven-point change scale

II. Chronic GVHD nonspecific ancillary measures
Function Grip strength Patient-reported function

Two-minute walk time
Quality of life – Patient-reported health-related quality of life

330 J. L. M. Ferrara and P. Reddy



The prevention of acute GVHD has not consistently resulted in a lower
incidence of chronic GVHD. A clear example is the use of reduced-intensity
transplants, consistently associated with a lower incidence of acute GVHD but
with no major impact on chronic GVHD [314, 315]. The extended use of GVHD
prophylaxis with CSP, or variations in the CSP dosage used, showed no beneficial
effects on the incidence of chronic GVHD [312, 316]. The addition of thalidomide
to CSP and methotrexate prophylaxis, the administration of IVIg, or early treat-
ment based on biopsy findings of subclinical GVHD in an attempt to preemptively
treat chronic GVHD were unsuccessful [312]. The most commonly used therapies
to treat chronic GVHD are cyclosporine A (CSA) and prednisone. Sullivan et al.
reported that prednisone alone is superior to prednisone plus azathioprine for
primary treatment of patients with chronic GVHD [317]. However, in patients
classified as high risk on the basis of platelet counts below 100,000/lL, treatment
with prednisone alone resulted in only a 26% 5-year survival rate. When a similar
group of patients was treated with alternating-day CSA and prednisone, 5-year
survival exceeded 50% [318]. A recent randomized study of 287 patients with
extensive GVHD found no statistically significant difference in non-relapse death
at 5 years or in cumulative incidence of secondary therapy at 5 years when
prednisone alone was compared to prednisone plus CSA [22]. For chronic GVHD
that recurs or fails to respond to initial therapy, there is no standard treatment.
Experimental therapies currently under evaluation include psoralen plus ultraviolet
light A, MMF, thalidomide, total lymphoid irradiation, plaquenil, extracorporeal
photopheresis, pentostatin, and acetretin (Table 16.4 lists the commonly used
GVHD drugs and their common side-effects) [292, 319].

16.5.1 Syngeneic Graft-Versus-Host Disease

A GVHD-like syndrome that is usually self-limited and predominantly affects the
skin can occur in recipients of syngeneic or autologous transplants [320]. It is also
possible that some of the cases of syngeneic GVHD reflected a mistaken
assumption that the donor was syngeneic without extensive molecular confirma-
tion. It is primarily manifested as a rash that usually responds promptly to corti-
costeroid therapy. Although the level of severity may be grade II or III, the disease
generally resolves promptly with the administration of glucocorticoids and is not
life-threatening. Virtually all patients in whom a GVHD-like syndrome develops
after syngeneic transplantation have been prepared with intensive conditioning
regimens, usually involving irradiation. Experimental studies suggest that such
conditioning is essential for the induction of thymic dysfunction, which is nec-
essary for the development of the disease. Generation of autoreactive cells
(a defect in thymic negative selection) as well as elimination of regulatory cells
appear to be the requirements for the development of this disease [309].
An additional hypothesis is that in some individuals, maternal cells transmitted to

16 Cellular Therapy for Hematology Malignancies 331



them during their fetal development remain present throughout adult life [321].
These observations suggest the possibility that in some instances small numbers of
HLA- incompatible cells (derived from the donor’s mother) may be transmitted
with HLA-identical transplants. Transplacentally transferred maternal cells may
also play a role in the development of neonatal GVHD [321].

16.5.1.1 Transfusion-Associated GVHD

Most blood products administered to immunocompromised patients are now
irradiated or at least leukocyte-depleted to avoid the transfusion of viable allore-
active T cells. With most homologous blood products, the MHC incompatibility
between donor and recipient results in rapid clearance of transfused T cells by the
recipient’s immune system. However, occasionally transfusions from donors who
are homozygous for one of the recipient’s MHC haplotypes are not recognized as
foreign by the recipient [322–324]. These cells can survive, ‘‘engraft’’, and may
mount an immunologic attack against the unshared haplotype in the patient,
resulting in transfusion-induced GVHD [324]. This syndrome of transfusion-
associated GVHD differs from GVHD occurring after transplantation in regard to
its kinetics but also in regard to its manifestations insofar as the recipient marrow
is a major target [323]. Since the number of stem cells in the offending blood
product is inadequate, there is no hemopoietic recovery from donor cells. This
syndrome is generally fatal due to refractory pancytopenia in addition to other
organ involvement.

16.6 Graft-Versus-Leukemia Responses

The GVL response after allogeneic HCT comes from the immunological attack of the
host tissue and, by extension, the leukemia/tumor. This response represents a potent
form of immunotherapy that circumvents some of the ‘‘immunoediting’’ mecha-
nisms used by tumor cells to develop in the hosts. The power of the allo-immune
response to eliminate malignancy was first reported more than 50 years ago in
experimental models by Barnes and Loutit [1]. But the entity ‘‘GVL’’ and its close
association with GVHD was not established until another 15 years later [325].

16.7 Clinical Features

Clinical evidence that the donor graft mediates important antileukemic effect
comes from higher relapse rates for recipients of syngeneic stem cells than
recipients of HLA-matched sibling grafts [326]. These findings have also been
confirmed in a multicenter analysis of HCT recipients with acute myelogenous
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leukemia (AML) in first remission and subsequent retrospective analyses by the
International Bone Marrow Transplant Registry (IBMTR) [327–329]. The second
IBMTR analysis also showed that the magnitude of this GVL effect is greater for
patients with CML and AML and not statistically significant for patients with ALL
in first remission [330, 331].

Several case reports of patients with relapse of leukemia after allogeneic HCT
noted remissions of the malignancy either after abrupt withdrawal of immuno-
suppression or during a flare of acute GVHD [332–335]. Patients who develop
GVHD after allogeneic HCT experience relapse less frequently than similar
patients who do not develop clinical disease. GVHD is protective against relapse
both for HCT recipients with advanced leukemia and for patients who receive
transplants in earlier stages of malignancy [336–339]. Additional analyses also
suggest that the the magnitude of the GVL effect appears to be disease- and
stage-specific [339–341]. Initial reports suggested that chronic GVHD was most
protective against relapse, but other analyses demonstrate that acute GVHD is also
protective [338, 339]. Based on these reports, newer trials of immunotherapy are
designed to include cessation of immunosuppressive therapy (without taper) to
induce a GVL reaction for patients whose malignancy has relapsed after HCT.
Furthermore, Childs et al. [342] demonstrated that the graft-versus-tumor effect
also plays an important role in inducing remissions from a non-hematologic
malignancy, renal cell carcinoma.

Another line of clinical evidence regarding the GVL effect of allogeneic HCT
and its tight linkage to GVHD comes from the studies employing T cell depletion
of the donor graft. Donor T cells included in the stem cell graft are critical for
acute GVHD, and T cell depletion by various strategies is one of the most
successful means of reducing the incidence and severity of GVHD after allogeneic
HCT [343–349]. Unfortunately, although T cell depletion results in less treatment-
related morbidity and mortality, improved overall survival rates have not been
reliably demonstrated. This failure is due in large part to a reciprocal increase in
the subsequent relapse rate after T cell depletion, as well as to graft failure and
other complications [341, 350, 351]. T cell depletion increases relapse rates,
particularly in CML [339, 341, 352]. This observation provides further strong,
albeit indirect, evidence that allogeneic donor T cells are important mediators not
only of GVHD, but also of the GVL properties of the allogeneic stem cell graft.
Finally the most compelling evidence of donor T cells in mediating GVL comes
from the observations made from donor lymphocyte infusions (discussed below).

The induction of GVL is a complex process.
Genetic basis: The immunotherapeutic effect that occurs in allo-BMT setting is

primarily mediated by allogeneic donor T or NK cells directed against the
alloantigens shared by the recipient tumor and target tissues and/or tumor-specific
antigens that have the advantage of not being subjected to tolerance mechanisms
by the host tumor [353–355]. Understanding of the exquisite specificity of T cell
responses led to attempts to identify specific antigens that are responsible for the
GVL effect. Much of the focus has been on the identification of: (1) certain
oncogenic viral proteins because these are absent in normal cells but expressed by
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transformed tumor cells (certain EBV peptides such as EBNA-1, LMP-1, LMP,
LCL); (2) antigens that are expressed in a tissue-specific fashion (melanoma
specific proteins); (3) proteins that are overexpressed in tumors (WT1, proteinase
3, survivin, telomerase reverse transcriptase, CYPB1 and Her-2/neu) [87, 354].
Although these antigens are specific, most T cell responses to these antigens are
limited because of the poor immunogenicity of these proteins, expression on
normal cells, defects in the processing or presentation of tumor antigens, or by
production of factors that disable T cell responses. Thus, clinical attempts to obtain
high specificity of T cell responses have been offset with difficulties in obtaining
enough sensitivity and vice versa. Furthermore, given the current concepts of
‘‘stem cell’’ origins of leukemia and cancers, identification of the immunogenic
proteins that are specifically expressed in the malignant stem cells and harnessing
T cell responses to those antigens will be needed for the optimal GVL effect to
cure malignancy [356, 357].

In contrast to the tumor-specific or associated antigens discussed above,
alloantigens are not subjected to tolerance mechanisms. Vaccination strategies
with autologous T cells utilizing tumor-associated or specific antigens have yiel-
ded disappointing clinical anti-tumor responses [358]. By contrast, allogeneic
HCT has met with remarkable GVL responses, perhaps due to recognition of
minor alloantigens, in addition to the tumor-associated antigens [359]. This con-
cept has been demonstrated by recent murine studies, which showed that alloan-
tigen on the tumor cells is required for GVL responses and that the principal
targets of GVL are the immuno-dominant allogeneic MiHAs rather than the tumor-
associated antigens [49, 360]. Thus T cells specific for MiHA antigens could
provide for a potent GVL effect. Significant progress has been made in the
identification of MiHAs that are specifically expressed in the host hematopoietic
tissues and, therefore, might allow for a GVL response without causing GVHD
[87]. Together, these results suggest that, in addition to tumor-specific proteins,
expression of alloantigens and cognate interactions between donor T cells and the
tumor tissues are required for the effective induction of the majority of GVL
responses. However, T cells specific for some MiHAs are also responsible for
GVHD and a means of consistently separating the beneficial GVL effect from
GVHD has not yet been clinically achieved.

KIR polymorphisms: The two competing models, as described above,
‘‘mismatched ligand’’ and the ‘‘missing ligand’’ models for HLA-KIR allorecog-
nition have been supported by clinical observations of GVL responses in different
patient and transplant populations [46, 361]. The former model has been shown to
separate GVL and GVHD responses in the context of TCD haplo-identical HCT
for AML [362, 363]. Even though this model is supported by elegant laboratory
studies, it was found to be invalid for ALL and also for AML after unrelated donor
HCT with immunosuppression [362]. Recent retrospective clinical data suggest
that GVHD and GVL can be separated by the ‘‘missing ligand’’ model in CML/
AML and MDS patients after TCD HLA-identical sibling HCT [361, 363, 364].
Further validation of either models by clinical prospective studies and the a better
understanding of the balance between the inhibitory and activating receptor-ligand
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interaction of the NK cells are needed to adequately exploit the interface between
HLA and KIR genetics to separate GVHD from GVL [365, 366].

16.8 Immunobiology of GVL Responses

Given the tight association of clinical GVHD and GVL and the common biological
principles governing these responses after allogeneic HCT, we will discuss below
the similarities and distinctions between them in the context of the three cellular
phases of GVHD [367].

Phase 1: Activation of APCs
The concept that tumor eradication after allogeneic HCT might not require

toxic chemo-radiotherapy and could be achieved primarily by the immunothera-
peutic effect from the GVL responses has led to the clinical development of non-
myeloablative HCT for hematological and non-hematological malignancies [368].
Phase 1 is characterized by the development of ‘‘cytokine storm’’ generated
‘‘danger signals’’ from the conditioning regimen and the subsequent activation of
APCs [367]. Experimental data suggested that the reduction in conditioning would
attenuate the ‘‘cytokine storm’’, lead to the development of mixed donor-host
chimerism, and confine the GVH response primarily to secondary lymphoid
organs, thus cause less severe GVHD without impairing GVL responses
[369–371]. However, non-myeloablative HCT has delayed the kinetics but did not
reduce the overall incidence of GVHD and a significant number of patients either
failed to respond or relapsed [19]. Furthermore, recent murine and human studies
have suggested that homeostatic expansion of T cells in a lymphopenic environ-
ment induced by conditioning (as opposed to mere immunosuppression) improves
the antitumor efficacy of adoptively transferred syngeneic or autologous T cells by
increasing the availability of space, enhancing the memory responses, and
reducing the competition for homeostatic cytokines (such as IL-7 and IL-15) for
transferred T cells while eliminating regulatory T cells [372–374]. Thus low
intensity HCT clearly demonstrates the principle of GVL effect, but the role of
‘‘cytokine storm’’, and homeostatic expansion of allogeneic T cells in shaping the
intensity of GVL responses is not known.

Host and donor APCs are critical for the induction and severity of GVHD [7].
Activation of APCs is the key step in Phase 1 of GVHD [367]. Significant progress
has been made in understanding the role of APCs in GVL. Recent experimental
evidence demonstrates a crucial role for professional host APCs in the induction of
GVL responses mediated by donor T cells even when the tumor cells showed some
features of APCs [49, 375]. Tumors that merely express costimulatory molecules
may still be unable to stimulate an effective immune response because of their
various ‘‘immunoediting’’ processes that cause ineffective antigen presentation
[376]. However, when the tumor cell itself functions as a professional APC, as with
CML, it can generate an effective GVL response [377, 378]. By contrast, cancers
such as acute leukemias that seldom differentiate into APCs generate poor GVL
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responses. Data also demonstrated that given sufficient time and a low tumor
burden, cross-presentation of tumor-associated antigens and/or alloantigens by
professional donor APCs can occur, and may promote or sustain GVL responses by
maintaining or expanding alloreactive T cells after initial priming on host APCs
[49, 378]. This concept is consistent with clinical GVL responses in CML in which
the final stage of a GVL response to CML may be the result of donor T cells
responding indirectly to the small number of CML stem cells or progenitors (which
would be undifferentiated and therefore poor APCs) but to tumor antigens cross-
presented on professional donor APCs. But it is unclear if such cross-presentation is
sufficient to elicit effective GVL responses against acute or advanced leukemia.
These data, however, suggest that GVL responses generated after low intensity
conditioning may not be as robust as those after full intensity HCT and highlight the
need for a clearer understanding of the effects of ‘‘cytokine storm’’ and lympho-
penia generated danger signals on the activation of APCs in mediating GVL.

Phase 2: Donor T cell activation
The core of GVL responses, as with GVHD, is also dependent on the activation

of appropriate numbers of T cells. The ‘‘second signals’’ from professional APCs
(or certain tumor cells that function as effective APCs) are critical for generating
an effective GVL response [75]. Several of the co-stimulatory pathways that
modulate GVHD have also been have been evaluated in mediating GVL responses
[75]. Blockade of CD28 co-stimulation preserved GVL responses but reduced
GVHD in murine studies [379]. However, when the tumor cells also expressed B7
molecules, such blockade reduced he GVL responses [377]. Ex vivo blockade of
CD40-CD40L interaction has been shown to reduce GVHD by generating Tregs
but preserving GVL [75, 95, 380]. By contrast, blockade of the 4-1BB pathway
reduced both GVHD and GVL [79]. The other co-stimulatory molecules (OX40
and ICOS) and the inhibitory molecules (CTLA-4 and PD-1) also modulate anti-
tumor responses [80, 81]. A better understanding of the context (i.e. low intensity
or DLI) and the hierarchy of timing, duration, and extent of co-stimulatory
requirements of donor T cell subsets might allow for balancing the intensity of
GVL and GVHD responses. Clinical and experimental evidence suggest that donor
T cells numbers correlate with the severity of GVHD and GVL responses. TCD had
reduced GVHD but increased disease relapse suggesting a role for T cell numbers
in GVL responses as well [381]. Clinical attempts to separate GVHD and GVL by
regulating allogeneic T cell dose have met with limited success. For example,
administration of 1 9 105 T cells/kg after HLA-matched sibling transplantation
did not mediate GVL effects and yet was associated with a measurable incidence of
GVHD. Therefore, infusion of right numbers of donor T cell effectors is crucial for
GVL responses [381]. This has been demonstrated by durable responses that are
observed in CML and other malignancies after DLI (see below) despite the
experimental evidence that host APCs stimulate a stronger GVL response than
donor APCs [49, 378]. This could be because, clinically, DLI is almost always
given without immunosuppression to an individual who has not developed GVHD
either from the either chemical immunosuppression or physical removal of donor T
cells from the allograft. This lack of immunosuppression after DLI increases the
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likelihood of a GVH response and DLI are almost always associated with clinical
GVHD. The delivery of additional allogeneic effector cells in DLI also increases
the effector:target ratio compared to the time of initial HCT. The latter is also
clinically demonstrated by a more effective GVL response to DLI against minimal
residual disease (bcr-abl positivity by PCR) compared to the response against high
leukemic burden (e.g., blast crisis) in CML patients [378]. Thus DLI provides the
proof, in principle, for the concepts that sufficient T cell numbers and appropriate
antigen presentation are required for both GVHD and an effective GVL response.

T cell subsets: Most experimental studies have implicated donor CD8+ T cells
as the primary mediators of GVL, but there are no clinical data for CD8+-mediated
GVL responses in the absence of CD4 T cells [179, 354, 378]. Moreover, some
clinical data suggest a role for greater CD4 mediated GVL responses without an
increase in GVHD after allogeneic HCT and DLI [375, 382–385]. But it is unclear
whether CD4+ T cell-initiated GVL responses occur in the absence of generation
of MiHA-specific CD8+ T cells. Given the critical requirement of alloantigens for
most GVL responses, the specific requirement of either CD4 and/or CD8 T cells
for GVL and GVHD is likely to be determined by the expression of the relevant
immuno-dominant MiHAs and/or tumor-associated proteins. Therefore, it is
unlikely that GVHD and GVL responses can be separated under all circumstances
merely by depletion of either subset of alloreactive T cells. However, experimental
data suggest it might be possible to separate GVHD and GVL when certain donor
T cell subsets are either depleted or infused (DLI) at appropriate intervals after
transplant [375]. But the optimal time interval, if any, after clinical HCT is yet to
be determined.

Because of recent identification and understanding of the role of various T cell
subsets in mediating immune responses, depletion of specific T cell subsets to
separate GVHD and GVL remains an area of active investigation. For example,
recent experimental data suggest that CD62L expressing na T cells home to sec-
ondary lymph nodes are critical for initiating GVHD [90]. By contrast, CD62L
negative effector memory T cells with enhanced reactivity to recall antigen-med-
iated GVL responses with minimal GVHD [90]. An important caveat to these data
is the lack of a priori knowledge of the repertoire of human memory T cells, which
would make it difficult to predict if their cells might cross-react only with tumor-
associated antigens and/or with the recipient’s alloantigens. Using CD62L status
alone as a determinant of GVHD potential can also have other unintended conse-
quences as recent studies have demonstrated, since its expression is critical for the
regulation of GVHD by Tregs (see below). Moreover, it is not known whether the
behavior of human memory T cells parallels that of murine memory T cells in their
migratory, functional and cytolytic capabilities. Although Tregs reduce anti-tumor
immunity in murine models and in human subjects, experimental data suggest that
administration of donor-type Tregs, either at the time of HCT or when delayed,
reduced GVHD but preserved CD8+ mediated perforin-dependent GVL responses
[104, 386]. Similar preservation of experimental GVL was also observed by
harnessing donor NKT function with GCSF analogs [111, 112]. However, whether
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these observations are valid after clinical HCT, when the GVL responses might not
be entirely dependent on CD8 T cells, remains unclear.

T cell migration: It is conceivable that manipulation of these interactions to
focus the alloimmune response to lympho-hematopoietic tissues would enhance
GVL responses but not GVHD. For example, blockade of CCR9 ligand TECK or
CCR5, and CCL17 may prevent the migration of donor T cells to GI tract and skin,
respectively, but preserve GVL [164]. Pharmacological manipulation with the
immunosuppressive agent FTY720 has recently provided the proof in principle for
this approach [174]. Given this redundancy, strategies to modulate the chemokine
biology for separation of GVHD and GVL will require greater understanding of
these networks in modulating the migration of not only specific T cell subsets but
also of the other immune cells in the context of different conditioning regimens.

Phase 3: Effector phase of GVL
The effector arm of GVL is also characterized primarily by the antigen-specific

cellular and less by the inflammatory components of allo-response. Experimental
data demonstrate that neutralization of IL-1-a reduced GVHD preserved
GVL [276]. By contrast, donor TNF-a secretion contributes to both GVHD and
GVL effects and in some cases, antagonism of TNF-a, reduced GVHD and GVL
responses [218, 387, 388]. Nonetheless antagonism of non-specific inflammatory
effectors such as either IL-1 or TNF-a appears to regulate GVHD to a greater
extent than GVL responses after experimental allogeneic HCT [388].

Several lines of experimental and clinical data demonstrate that antigen-specific
donor T cell subsets and NK cells are the key effectors of GVL [354]. The
cytotoxic pathways that are operative in the NK and T cell-mediated anti-tumor
responses have been well characterized [354]. Fas ligand-mediated CTL of tumor
targets is utilized by both NK and T (mostly Th1) cells. But most murine exper-
iments with FasL-deficient donor T cells suggested that FasL is a key effector
molecule for causing GVHD but not for GVL [179]. However, one study found
that FasL is required for CD4+ mediated GVL against myeloid leukemia
[389, 390]. By contrast, even though perforin-mediated CTL pathways are also
utilized by T (mostly Th2) and NK cells, experimental data with perforin-deficient
donor T cells demonstrated a loss of GVL with a diminution in the severity of
GVHD [179]. In some other experimental models, perforin was required only for
GVL but not GVHD [179]. Recent data showed that TRAIL-mediated CTL had no
effect on GVHD severity but was required for optimal GVL [203]. Therefore
strategies that increase donor T cell TRAIL expression or enhance the suscepti-
bility of tumors to TRAIL-mediated CTL (such as HDAC inhibitors) may promote
a robust GVL effect without exacerbating GVHD [391–393]. Thus a significant
progress has been made recently in understanding of the CTL pathways employed
by donor T cells for GVL responses, but the role and context of utilization of these
pathways by donor NK and NKT cells after allogeneic HCT are unknown.
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16.9 Donor Leukocyte Infusions

Until recently the evidence for an important GVL effect in clinical transplantation
was strong but largely circumstantial. The use of DLI to treat relapses after
allogeneic HCT has now provided direct evidence of the GVL effect [394–396].
Kolb et al. [397] first reported three patients with relapsed CML who achieved
complete cytogenetic remission after treatment with IFN-c and DLI from the
original donors. Subsequently these findings have been confirmed in several
reports [398–400]. Two large retrospective studies of DLI have been reported from
Europe and North America [396, 401]. Although the treatment protocols varied
slightly among institutions, the results have been remarkably consistent. When
results from these trials are combined, the complete remission rate for patients
treated for relapsed CML is consistently 60–80% [394]. In many patients with
CML, the response to DLI is not immediate. The average time to obtain a
molecular remission is between 4 and 6 months, but disease-free survival after
DLI depends on the stage of CML [402, 403]. Complete cytogenetic and molecular
responses are achieved in almost 80% of patients treated with either early relapse
(cytogenetic or molecular) or hematologic relapse of chronic phase [331]. Patients
with more advanced CML (accelerated phase or blast crisis) are less likely to
respond. Two recent analyses suggest that the outcome after unrelated DLI is
similar to matched sibling DLI in CML patients [396, 401].

DLI has also produced remissions in acute leukemias. Several retrospective
studies have reported respone rates in AML ranging from 20 to 65% [331, 401,
404–406]. A prospective study of 65 patients with advanced myeloid leukemia
who received cytarabine and GCSF-primed DLI showed that 47% of the patients
achieved complete remission with an overall survival of 19% at 2 years [407].
A recent EBMT analysis of DLI in patients with relapsed AML showed a response
rate of 41% that did not change if chemotherapy was used prior to DLI [408].
Generally, DLI produces lower response rates and higher relapse rates in patients
with AML than with CML [331, 378, 401, 404–406]. Extramedullary relapses at
multiple regions that are usually not considered sanctuary sites for leukemia have
been observed after DLI [406].

Although GVL responses to ALL after allogeneic HCT have been noted, DLI
for ALL has generally been ineffective [409]. Reports both from Europe and from
America found little benefit for DLI in ALL patients [378, 401, 404, 405].
Furthermore, Ruggeri et al. [362, 410] found that following TCD haploidentical
HCT where the donors had anti-recipient NK cells, the probability of relapse was
85% for ALL in contrast to 0% for AML.

The experience with DLI for other hematologic malignancies such as NHL and
multiple myeloma (MM) is much more limited. Case reports and small series
demonstrate responses to DLI in patients with post-transplant relapses of low
grade lymphoma and CLL and also after low intensity HCT [411, 412]. In MM,
complete responses to DLI were observed in 25% of the patients in two small
series [378, 413, 414]. DLI has also been shown to induce complete remission in a
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majority of patients with post-transplant lymphoproliferative disorders after
allogeneic HCT [398, 415]. Viral infections may be treatable with DLI, and
adoptive immune therapy with T cells specific for EBV and CMV have been
shown to both treat and prevent these complications [416–420].

Complications of DLI: Adoptive immunotherapy with DLI causes significant
morbidity. The major complications are myelosuppression and GVHD. Myelo-
suppression with anemia/thrombocytopenia/leucopenia or pancytopenia occurs in
34% of the patients [403]. Marrow aplasia presumably results from the destruction
of host leukemia cells before recovery of normal donor hematopoiesis. This idea is
supported by the observation that patients treated with donor MNC infusions for
cytogenetic or molecular relapse rarely experience pancytopenia [396]. Occa-
sionally, marrow aplasia has been persistent [398, 399, 421], although this toxicity
has been successfully reversed with the infusion of additional donor stem cells in
some patients [398, 399]. If pancytopenia is associated with chronic GVHD then
immunosuppression might be the most appropriate therapy [422]. Acute and
chronic GVHD have been the major direct complications from DLI. In retrospec-
tive and prospective studies, acute or chronic GVHD has been reported in 40–60%
of evaluable patients. In most studies, GVHD correlates with GVL activity and
response [396, 401]. In the North American analysis, over 90% of complete
responders developed acute GVHD and 88% of responders developed chronic
GVHD. Of 23 patients who did not experience GVHD, only three achieved a
complete remission. In 92 patients who had no response, only 35% had acute
GHVD and only 13% had chronic GVHD. In the EBMT analysis, 41% of DLI
recipients developed grade II–IV acute GVHD [396]. It should be noted, however,
that many patients who fail to respond to GVL induction will die shortly of
progressive disease and may not survive long enough for GVHD to develop. This
is particularly important for patients with acute leukemia. It is also important to
emphasize that a number of complete responses were seen in patients without any
sign of GVHD. The GVL effect in the absence of clinical GVHD provides
important evidence for GVL activity separate from GVHD.

In general, GVHD that occurs after DLI has been mild-to-moderate and has
been responsive to immunosuppressive therapy. This observation is important
since the dose of T cells often administered with DLI may be 10- to 100-fold
higher than the T cell dose administered at the time of transplant, and DLI is given
without additional immunosuppression. At the time of transplant, if immunosup-
pression is withheld or a similar dose of donor T cells is given as is used for DLI
(to augment GVL), toxicity is unacceptable [423, 424]. This may be because the
effects of GVHD are more tolerable when separated from the acute transplant
toxicity. GVHD can be stimulated and exacerbated by the ‘‘cytokine storm’’ that
can accompany transplantation. Tissue damage from the intensive conditioning
regimen, infections, and other physiological insults result in a cascade of events
that ultimately augment the GVHD reaction [229]. When GVHD is induced
independently of other transplant-related toxicity, it may be more manageable with
appropriate immunosuppression. Nevertheless, in some cases DLI-induced GVHD
may be quite severe; as shown in Table 16.2, 20-35% of DLI recipients can be
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anticipated to develop grade III–IV acute GVHD. Furthermore, acute GVHD has
contributed to death in almost 10% of patients [425]. Chronic GVHD occurs in
30-60% of recipients of unmanipulated DLI.

It is notable that the clinical presentation of GVHD after DLI is somewhat
different than after myeloablative allogeneic HCT. For instance, the onset of
GVHD may be later/after DLI. The median time to onset of acute GVHD is
approximately 32–42 days [401, 426] compared to a median time to onset of
16–20 days following myeloablative T-replete transplantation [255, 427]. There-
fore, not only can the severity of GVHD be influenced by the use of intensive
conditioning, the tissue damage and inflammatory cytokine release may influence
the pace of GVHD development as well. This possibility is supported by the
finding that time to onset of acute GVHD is also delayed following reduced-
intensity transplantation [428]. The target organs of acute GVHD following DLI
are the same as those seen following HCT, but the clinical manifestations may
differ. A hepatitic variant of liver GVHD characterized by marked elevations of
serum aminotransferase levels more than 10 times the upper limit of normal was
observed in 11/73 (15%) patients who received DLI at Johns Hopkins University
[268]. Characteristic skin, liver, and intestinal acute GVHD manifestations can be
seen following DLI, but their frequency and severity has not been well described.
In a study of 81 patients who received DLI for relapse, mixed chimerism, or
prophylaxis following reduced-intensity HCT, skin, liver, and intestinal GVHD
developed in 26, 8, and 14%, respectively [429]. Likewise, characteristic findings
of chronic GVHD can be seen following DLI [429] and on occasion both acute and
chronic GVHD can develop simultaneously following DLI [430].

In recent years, DLI has been utilized in the context of reduced-intensity
allogeneic HCT. When conditioning is minimal and GVHD has not already
occurred, DLI is often required to either reverse mixed chimerism or treat per-
sistent disease [429, 431, 432]. GVHD after DLI, following non-myeloablative
setting, develops 19–45% of the time, while chronic GVHD develops 28–34% of
the time. In two studies of a combined 134 subjects who received DLI after
reduced-intensity transplantation, 37 (28%) patients developed acute GVHD, 15
(11%) developed grade III–IV GVHD, and 8 (6%) died from GVHD [429, 431].
There was no statistically significant relationship between DLI dose and GVHD in
either study. The clinical features of GVHD after DLI, following reduced-intensity
HCT, are similar to the GVHD that occurs after DLI is used to treat relapse
following myeloablative HCT. The similarity between GVHD after DLI in either
setting suggests that the reduction of tissue damage associated with either no
chemotherapy (as in DLI for relapse following prior myeloablative HCT) or
reduced dose chemotherapy (as in DLI after reduced-intensity HCT) may be an
important common theme.

It is likely that effector cells responsible for the GVL and GVHD effects of
HCT will similarly be responsible for the GVL effect associated with DLI,
although this assumption has not been formally proven. The administration of
select subsets of donor mononuclear cell fractions is the ideal setting in which to
dissect the cellular mechanisms responsible for GVL induction and strategies that
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delay the infusion of these various cellular subsets will help define the mechanisms
and the enhance the efficacy of DLI.
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Chapter 17
Cardiac Versus Non-Cardiac Stem Cells
to Repair the Heart: The Role
of Autocrine/Paracrine Signals

Manlio Vinciguerra, Vincenzo Lionetti, Carlo Ventura
and Nadia Rosenthal

Abstract The heart can grow and change to accommodate alterations in its
workload in response to stress. Stress-induced pathological cardiac hypertrophy,
characterized by an increase in the size of cardiac myocytes, is a major risk factor for
the development of cardiomyopathies and heart failure. Restoration of damaged
heart muscle through repair or regeneration is a promising strategy to cure cardio-
vascular diseases. The robust proliferative and differentiation capacity of stem cells
holds the potential of an unlimited supply of functioning cardiomyocytes. A crucial
issue in designing rational stem cell-based therapy approaches for cardiac diseases is
the understanding of the exact mechanisms whereby each stem cell can affect the
performance of the heart. Stem cells are self-renewing and can become functionally
specialized cardiac cells with the proper milieu of locally acting growth and
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signaling factors. In this chapter, we review the current advancements in our
understanding of how adult stem cells within the myocardium, such as cardiac stem
cells, or derived from other tissues, such as mesenchymal stem cells, may contribute
to the repair of the damaged heart. Moreover we describe how this process could be
experimentally boosted for therapy, by manipulating local autocrine and paracrine
molecules regulating endogenous stem cell regenerative potential.

17.1 Introduction

The mammalian heart is a dynamic organ that can grow and change to accom-
modate alterations in its workload. In response to stress or dysfunction such as
pressure/volume overload, congenital defects, myocardial infarction, or changes
caused by adiposity (obesity) or diabetic cardiomyopathy, the heart undergoes
adaptation processes, which lead to pathological hypertrophy, characterized by an
increase in the size of individual cardiac myocytes [1]. This is the result of several
biomechanical sensitive and neurohumoral mechanisms occurring simultaneously.
These mechanisms converge on a limited number of intracellular signal-
transduction circuits to mediate cardiac growth. At the cellular level, cardiac
dysfunction and cardiomyocyte loss is often due to an imbalance between the
generation of reactive oxygen species and the antioxidant defenses in favor of the
former. Growing evidence demonstrates that metabolic stress, oxidative stress, and
hypertrophy are mechanistically linked to each other in the long-term development
of cardiomyopathies and heart failure (HF) [2, 3]. This may be accompanied also
by the formation of scar tissue, an overload of blood flow, and pressure capacity.

Ultimately, stress-induced pathological cardiac hypertrophy is a major risk
factor for the development of HF and related deaths. HF is defined as a deficiency
in the capability of the heart to adequately pump blood in response to systemic
demands. Stress-induced pathological cardiac hypertrophy is particularly relevant
in the aging population. The social and economic burden is tremendous, with the
incidence of HF being 1–2% in the total population and [10% in the elderly
population in Europe [4]. Similarly, in the USA, about 5 million Americans are
affected by HF, which is characterized by a 5-year survival of approximately 50%
[5–7]. Numerous pathways have been implicated in the establishment of patho-
logical hypertrophy, drawing a very complex and dynamic picture of this
phenomenon [1]. Examples include the activation of G-protein coupled receptors
[by Angiotensin II (Ang II), endothelin-1 and catecholamines], MAP kinase
signaling, the calcineurin-NFAT circuit, the PI3K-AKT pathway (activated by
insulin, IGF-1 and other growth factors), enzymes that regulate chromatin
remodeling, and a plethora of transcription factors (NF-kB, GATA4, MEF2 and
others) [8]. Despite these advances, a major challenge in the field is to translate our
increased knowledge of these intricate signaling mechanisms into novel treatments
for pathological cardiac hypertrophy and HF.
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Restoration of damaged heart muscle, through repair or regeneration, is an
exciting new strategy to treat HF and other cardiovascular diseases. The heart is
classically considered a post-mitotic organ, i.e. cardiomyocytes do not undergo
renewal once the organ is fully differentiated and developed, and cannot repair
efficiently after a consistent damage such an infarction. Recently, this view has
been challenged. It was shown for instance that, in patients from 20 to 100 years of
age who died from causes other than cardiovascular diseases, the cardiomyocyte
compartment is replaced 15 times in women and 11 times in men by a resident
pool of cardiac stem cells (CSC) [9]. The regenerative capacity of the heart is
however extremely slow, and this organ has among the lowest cell turnover rate in
the body [10]. For these reasons, the heart muscle field has directed a great effort
toward exploring the therapeutic potential of adult stem cells not only from the
heart but also from different origins and with different approaches (cellular
reprogramming, tissue engineering), which may provide a new therapeutic option
for myocardial regeneration, although many challenges remain to be solved [11].

The outstanding proliferative and differentiation capacity of stem cells holds the
potential of an unlimited supply of functioning cardiomyocytes. A key issue in
designing rational stem cell-based therapy approaches for HF and other cardiac
diseases is the understanding of the exact mechanisms whereby each stem cell or
progenitor-cell type can affect the performance of the heart. Stem cells differ from
other cell types by two unique features: first, they are self-renewing, even after
long inactive periods; they can become tissue- or organ-specific functionally
specialized cells with the proper physiologic or experimental setting (milieu of
autocrine/paracrine growth and signaling factors). Second, stem cells can be
pluripotent or multipotent. Pluripotent stem cells can differentiate theoretically to
any cell type in the body whereas multipotent stem cells give rise to a restricted
profile of cell types. Stem cells can be derived from three sources: embryonic,
non-embryonic (somatic or adult), or induced pluripotent stem cells. Embryonic
stem cells (ESCs) are derived from embryos that are 5–8 days old in humans, or
from a blastocyst stage in mammals; however, they can be isolated even from
earlier developmental stages. ESCs extracted in any of these stages are pluripotent.
Non-embryonic stem cells, somatic, and adult are found in small quantities in most
adult tissues in the body. Examples include the above-mentioned CSC, hemato-
poietic stem cells, endothelial progenitor cells, mesenchymal stem cells (MSC),
and bone marrow-derived stem cells, which are widely studied for cellular
transplantation therapies and cardiac recovery [12, 13]. Adult stem cells can also
be found in placentas (placental stem cells, PSC) and umbilical cords: they have
though a more limited proliferative capacity.

Between 2006 and 2007 the team of scientists led by Shinya Yamanaka identified
conditions that both in mouse and in humans would allow somatic adult cells to be
reprogrammed genetically to assume a stem cell-like condition (iPSCs [14–16]):
accordingly, iPSCs can be defined as stem cell artificially derived from a non-
pluripotent cell by inducing forced expression of specific key pluripotency genes
(originally this was achieved by retroviral transfection of master regulators of
transcription: Oct-3/4, SOX2, c-Myc, and Klf4). In other terms, iPSCs are adult cells
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that have been genetically rewired to an embryonic stem cell-like state by expressing
genes and factors that define the properties of embryonic/pluripotent stem cells.

Current developments in the field of stem cells research and therapy run rapidly
and hold great promise for the clinics, and the interested reader is referred to recent
reviews on the functions and methods of ESCs and iPSCs to potentially treat HF
and other cardiovascular disorders [17–19]. In this chapter, we will restrict our
focus specifically on the use of adult stem cells in cardiovascular research and
therapy. In particular, we will summarize the advancements in comprehension of
how adult stem cells, resident in the heart or derived from other tissues, may
contribute to the repair of the damaged myocardium. Since cardiomyocytes have a
low turnover rate and a weak capacity to regenerate, we will explore the intriguing
concept that this capacity could be experimentally boosted for therapy,
by manipulating local autocrine/paracrine molecules regulating endogenous stem
cell regenerative potential.

17.2 Modulation of the Cardiovascular Unit to
Repair the Heart

To date, the cardiomyocyte has been traditionally viewed as the primary cell
responsible for myocardial structure and function. This has led to an underesti-
mation of the potential roles of other myocardial cell types, and has limited our
understanding of the mechanisms underlying the pathophysiology of myocardial
remodeling and regeneration.

The healthy myocardium appears as a highly organized tissue where each
cardiomyocyte occupies its own space in the extracellular matrix and is served by
three arterial capillaries, so the ordered architecture of the tissue results in an
effective function. Ausoni et al. [20] have recently developed the concept of the
‘‘cardiovascular unit’’ (CVU), which is the dynamic morphofunctional unit of the
myocardium and consists of cardiomyocytes, fibroblasts, adjacent capillaries
enriched with several pericytes.

CVU cells are not isolated from each other but communicate through the
release of humoral mediators acting in an autocrine and/or paracrine manner,
or through different transmembrane ionic currents. CVU cells also have the
capacity to communicate with the entire organism through the cardio-endothelial
barrier and promote the recruitment and homing in the extracellular matrix of
circulating inflammatory and/or stem cells. The multifaceted modulation of
communication signals between different cells of the CVU may impact on the
magnitude of myocardial remodeling and regeneration after an insult.

Recent studies have shown the presence of rare CSCs residing in the
intercellular niches of the healthy myocardial of humans, rodents, and pigs.
Although the existence of CSCs was confirmed in the adult rat myocardium [21],
the role of CSCs is still under investigation. CSCs may participate in regenerative
processes of the myocardium as producers of anti-apoptotic, vasculogenic, and/or

370 M. Vinciguerra et al.



anti-fibrotic humoral mediators, although, other investigators suggested that they
may differentiate into new myocardial cells (cardiomyocytes, endothelial cells,
fibroblasts, pericytes). However, a significant bottleneck in cardiac regeneration is
the identification of a viable source of stem/progenitor cells that could contribute
new muscle after ischemic heart disease and acute myocardial infarction.
Cumulative evidence indicates an epicardial origin of at least a subset of the
progenitor population, and embryonic reprogramming results in the mobilization
of this population and concomitant differentiation to give rise to de novo cardio-
myocytes. Smart et al. [22] revealed in mice the occurrence of transdifferentiation
of epicardial stem cells to a myocyte fate in the absence of cell fusion. In contrast,
Avitabile et al. [23] implicated cell fusion as the key mechanism whereby cardiac
functional features are acquired by stem/progenitor cells in the heart.

The current debate is not likely to yield a reliable and definitive resolution on the
mechanism behind the de novo cardiomyogenesis for some time. Indeed, Fortini
et al. [24] demonstrated that circulating stem/progenitor cells progressively
increased from NYHA class II to NYHA class IV in patients affected by HF without
improving cardiac function and prognosis. Moreover, Cesselli et al. [25] showed that
defects in the balance between cardiomyocyte mass and the pool of nonsenescent
CSCs may condition the evolution of the decompensated myocardial dysfunction.
These studies emphasize the role of cell age and function in the therapeutic context,
and highlight the relevance of the intercellular cross-talk more than the number or
the stem cells types available to replace the CVU. This cross-talk can be ameliorated
by adjusting the biophysical or biochemical properties of the cardiac cells, including
stem cell survival and activation in the heart. Variation in cell features can influence
gene expression either directly or epigenetically, by conditioning the geometry and
function of the chromatin. Transient exposure of cells to chemical and/or physical
agents can determine stable phenotypic changes affecting CVU function and the
magnitude of myocardial remodeling or regeneration [26, 27].

Recent studies showed that exposure of stem cells to electromagnetic fields
induces de novo cardiomyogenesis at the transcriptional level [28]. In particular,
Ventura et al. [29] demonstrated that the prodynorphin gene expression, and the
synthesis and secretion of dynorphin B, an endorphin playing a major role in
cardiogenesis, is upregulated by low frequency magnetic fields and can drive the
cardiac differentiation of MSCs. Other authors proposed that ultrasound as well as
static magnetic fields can modulate the function of other CVU cells, such as
endothelial cells [30–32] and fibroblasts [33].

The survival, growth, and function of the CVU cells are modulated further in
vitro and in vivo by natural or synthetic chemical compounds. In this regard,
Lionetti et al. [34] have recently provided the evidence that hyaluronan mixed
esters with retinoic and butyric acid (HBR) act as novel modulator of the CVU
cells by eliciting de novo cardiomyogenesis in vivo without side effects. The
rationale for the synthesis of these novel glycoconjugates is discussed in detail
elsewhere [35]. HBR enhanced the transcription of vasculogenic, proliferative, and
prosurvival factors, such as vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), KDR, AKT, and pim-1 (Fig. 17.1). The gene transcription in
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cardiomyocytes, endothelial cells, and stem/progenitor cells was due to long-term
acetylation of histone type 4. In particular, chromatin immune precipitation and
transcriptional analyses showed that HBR increased the transcription of the car-
diogenic gene Nkx-2.5 through the binding of Smad4, a well-known cardiac signal
transducer, to its own consensus Smad site in human MSCs [36]. Ventura et al. [37]
previously showed in vitro that HBR can redirect the gene profile of human MSCs
to cardiovascular feature in a dose-dependent manner. Human MSC, mostly those
of placental origin, after exposure to HBR appear to be epigenetically more sen-
sitive to the extracellular environment and more oriented toward a more effective
path to cardiovascular differentiation. Epigenetic activation of MSCs with the
HBR is so stable and powerful as to limit significantly the post-ischemic myo-
cardial remodeling in swine heart, which is ontogenetically more similar to the
human heart, and with a plasticity lower than rodent heart [38].

In accord with the chemical strategy to modulate the epigenetics of CVU,
Limana et al. [39] showed that the injection in murine peri-infarcted left
ventricular (LV) region of High Mobility Group Box-1 protein, a highly conserved
chromatin-binding factor promoting access of transcriptional complexes to the
DNA, enhanced LV function, and attenuated LV remodeling, due to increased
collagenolytic activity and miR-206-mediated inhibition of tissue inhibitor of
metalloproteinase 3. This finding is important since it demonstrates the feasibility
of reversing the remodeling of the failing heart by modulating the gene profile of
the cardiac resident cells. In this context, Forini et al. [40] explored the possibility
of preventing post-ischemic cardiac remodeling by low-dosage replacement of
3,5,3’-Levo-triiodothyronine (L-T3). L-T3 is a natural compound, which
re-establishes the intercellular crosstalk into the heart and increases the resistance
of cardiac cells to ischemic insult (Fig. 17.1).

17.3 Autocrine/Paracrine Signals to Empower
Cardiac Stem Cells

The studies discussed above emphasize the role of intercellular crosstalk between
stem cells and myocardial cells as crucial to the replacement of the damaged CVU,
and illustrate the therapeutic impact of natural/synthetic compounds and physical
forces in boosting this process. In the last years, a growing body of evidence has
emerged supporting the hypothesis that endogenous paracrine mechanisms med-
iated by factors released by the adult stem cells play an essential role in the healing
process observed after stem cell recruitment or injection into damaged hearts.

Paracrine mediators can be produced in a temporally and spatially controlled
manner, exerting distinct effects depending on the cardiac microenvironment.
Adult stem cells secrete a broad variety of signaling peptides and growth factors
that could be involved in cardiac repair, including VEGF, fibroblast growth factor
(FGF), HGF, and insulin growth factor I (IGF-I) [41–46]. These paracrine factors
positively influence cardiac cells through several mechanisms: (i) myocardial
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protection and vascularization; (ii) improvement of cardiac metabolism, cardiac
contractility, and cardiac regeneration; (iii) autocrine actions on the secreting stem
cells themselves [47, 48] (Fig. 17.1). As proof-of-concept, we discuss below the
role of paracrine factors in the rescue of damaged cardiac function by MSCs
(non-cardiac adult stem cells) and CSCs (cardiac adult stem cells).

The role of paracrine factors in MSC function is illustrated by the direct
cytoprotective action of conditioned medium from autologous MSCs, which
reduces cell death of isolated rat ischemic cardiomyocytes [49]. Human MSCs-
conditioned medium can also reduce the size of myocardial infarction in pigs,
rats, and mice [50–52], and production of VEGF has been proposed as a
critical factor for the MSCs-dependent post-ischemic cardioprotection [44].
Human cardiac-explant-conditioned medium contains soluble factors such as
FGF, HGF, IGF-1, and others that can induce MSCs proliferation and a partial
transdifferentiation into cardiomyocytes [53]. Kubal et al. [54] has shown that
MSCs derived from bone marrow display a potent anti-ischemic effect against
cardiomyocyte cell death in humans.

Proangiogenic factors may also be responsible for increased vascular density
observed in ischemic tissues of animals treated with stem cells. MSCs represent a
source of paracrine proangiogenic factors [55–57], and their in vivo local delivery

Fig. 17.1 Cardiovascular Unit (CVU) represented during the phases of a cardiac cycle in a
normal heart: telesystole (ES) and telediastole (ED). This dynamic model lays the basis for the
release of biofactors, changes in the enzymatic activities, changes in epigenetic patterns, and
mechanical sensing systems. The model simplifies the complexity of the intramyocardial
intercellular interactions during a cardiac cycle
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augments the conductance of vessels through paracrine mechanisms, without incor-
porating into vessels [58]. Transplantation of MSCs in experimentally infarcted hearts
produced an increase in capillary density compared with controls [59–61]. Although
not formally proven, a proangiogenic paracrine mechanism seems most plausible.

Paracrine factors likely play an important role in the myocardial protection
exerted by CSCs. These rare cells were originally isolated by fluorescence-acti-
vated cell sorting on the base of c-kit, MDR1, and Sca-1-reactive protein cell
surface markers. In humans, CSCs can amplify and likely commit to the myocyte
lineage in response to increased workload, thereby contributing to cell resistance
to the stress-induced hypertrophy [62]. During aging the beneficial potential of
CSCs (discussed further below) decreases.

In presence of an extensive oxidative and ischemic injury, such as during an
infarction, increase in cardiomyocyte cell survival is not sufficient to preserve heart
function. De novo formation of blood vessels (neovascularization) and repair of dam-
aged cells/regeneration are also required to maintain cardiac contractility in this cir-
cumstance. In this respect, paracrine factors produced by MSCs have proven beneficial,
whereas the proangiogenic effects of paracrine factors secreted by CSCs have not been
studied in detail. Despite the fact that stem cells incorporate into vascular structures,
there is evidence that only a small number of vessels contain donor cells [47, 63].

Since MSCs release paracrine factors, an intriguing working hypothesis is that
MSCs injected into ischemic hearts may attract and activate resident CSCs, enabling
cardiac regeneration. Evidence supporting this hypothesis has been documented in a
study in which MSCs were injected into infarcted pig hearts [64]. Analyses per-
formed 10 days later revealed the appearance, only in MSC-treated animals, of
newly formed cardiomyocytes, some of which stained positive for the CSCs marker
c-kit, and others for the proliferation marker ki67. Although co-staining for c-Kit and
ki67 was not shown, it is plausible that endogenous cardiac regeneration was present.

Finally, survival and self-renewal in many stem cell types appear to be medi-
ated also by autocrine mechanisms [47, 65, 66]. The paracrine/autocrine
paradigma embraces the influence of stem cell released factors on the microen-
vironment modulating stem cell function and cardiac tissue response (Fig. 17.1).

17.4 IGF-1 as a Cardioprotective Factor

In its role as an autocrine/paracrine factor, IGF-1 has been the subject of numerous
studies on stem cell function. IGF-1 is a peptide that affects multiple signaling
cascades, resulting in a potent proliferative signal that stimulates growth in many
different cells and organs and blocks apoptosis. In mammals, the IGF-1 gene spans
more than 70 kb and has six exons, giving rise to multiple splice variants. These
variants share a common core peptide, flanked by varying termini (Class 1 and
2N-terminal peptides, and Ea, Eb and Ec C-terminal peptides). IGF-1 is both a
systemic growth factor produced mainly by the liver in response to GH and a local
growth factor acting in an autocrine/paracrine manner in organs such as the heart [67].
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One important branch of IGF-1 signaling is the PI3K/Akt/mTOR/p70S6 signaling
cascade, which is similar to insulin signaling [67, 68]. MSCs genetically engi-
neered to overexpress AKT (AKT-MSCs) displayed further enhanced myocardial
protective properties. Injection of concentrated medium from autologous MSCs
and AKT-MSCs into the rat heart at the infarct border immediately after left
coronary occlusion led 3 days later to a modest or dramatic, respectively, reduc-
tion in apoptosis and infarct size. These results were confirmed in other animal
models of infarct and cellular tracing experiments with green fluorescent protein
demonstrated that the protective role of MSC does not depend on a transdiffer-
entiation of MSCs into cardiomyocytes [69–72]. The activation of AKT can
enhance the protective effects of MSCs, likely through an increase in the pro-
duction/release of VEGF, FGF, HGF, and IGF-1 [49, 55].

The paracrine action of IGF-1 is illustrated by studies in which MSCs engi-
neered to overexpress IGF-1 were implanted into an infarcted rat heart-activated
paracrine mechanisms involving stromal cell-derived factor (SDF)-1alpha that
mobilized stem cells of different origins, reduced infarction size, and dramatically
improved the indices of LV function, including ejection fraction and fractional
shortening, and culminated in an extensive neovascularization [73].

Exogenous administered paracrine factors can also activate endogenous CSCs
and their induced neovascularization. In dogs, circulating IGF-1 was injected after
infarction to stimulate resident CSCs: this intervention led to the formation of
cardiomyocytes and coronary vessels within the infarct and resulted in a marked
recovery of contractility of the infarcted heart [74]. Similar results were obtained
in mice [75]. A recent study on humans showed that IGF-1 receptor is a reliable
marker to identify a young pool of CSCs able to potently modulating stem cell
proliferation, commitment to the cardiomyocyte lineage and differentiation [76].
The latter reports highlight the potential of IGF-1 in promoting CSC recruitment
and CVU survival and integrity.

IGF-1 may also play a role in stem cell aging. With aging, CSCs undergo
telomere shortening, generating a differentiated progeny that acquire a senescent
phenotype. CSC aging can be induced by attenuation of the IGF-1 system in rats [77].
Conversely, IGF-1 signaling induces division of CSCs by upregulating telomerase
activity and hindering replicative senescence, thereby preserving the pool of
functionally competent CSC [74, 75, 77, 78]. IGF-1 also acts as a proangiogenic
factor. Activation by IGF-1 injection led CSCs to migrate to the regions of
damage, reversing partly the aging cardiomyopathy and inducing vessel regener-
ation [77]. In fact, c-kit positive CSCs activated with IGF-1 and HGF before their
injection in proximity of the site of occlusion of the left coronary artery in rats
generated new vessels connected with the primary coronary circulation, and this
increase in vascularization more than doubled myocardial blood flow in the
infarcted myocardium [79]; as in the case of IGF-1 engineered MSCs [73],
SDF-1alpha was critical for these effects [79].

Our lab has recently shown that mIGF-1 (comprising a Class 1 signal peptide
and a C-terminal Ea extension peptide) overexpression is able to recover heart
functionality after HF-inducing injuries (infarct induced by ligation of the left
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coronary artery, or after cardiotoxin-induced injury) [80], demonstrating a resto-
ration of cardiac function in post-infarct and injury-challenged mIGF-1 transgenic
mice that is facilitated by modulation of the inflammatory response. Local
expression of mIGF-1 repairs the heart from injury through production of paracrine
signals such as VEGF and MCP-1, cross-talk with the bone marrow, and recruit-
ment of CD34+ stem cells for de novo vascularization of the myocardium [81].
Moreover, mIGF-1 displays cardioprotective features from oxidative and hyper-
trophic stresses when expressed as a transgene in cardiomyocytes [67, 82, 83].
Of note, in the skeletal muscle, mIGF-1 has an established role in stem cell acti-
vation and tissue regeneration by modulation of paracrine factors [84, 85].
Although a comparative study of the diverse IGF-1 isoforms on adult stem cells
recruitment during cardiac injury has never been undertaken, it is likely that adult
stem cells, such as MSCs and CSCs, in synergy with IGF-1 and other proangiogenic
paracrine factors may increase neovascularization and repair from ischemic
damage (Fig. 17.1).

17.5 Conclusions and Perspectives

The evidence that adult stem cells exert their protective and repair properties in the
heart in synergy with endogenously produced or exogenously administered
natural/chemical paracrine factors has important pharmacological implications.
These studies can lead to the identification of single factors or of multicomponent
combination of drugs able to hit multiple targets involved in cardiac repair and
regeneration. The use of adult stem cells, like MSCs and CSCs, has been proposed
as advantageous over pluripotent ESCs because, although they can differentiate in
beating cardiomyocytes, their employment for therapeutical purposes raised con-
cerns about: (i) ethical issues in several countries [86, 87]; (ii) tumorigenesis
(teratoma) observed in a number of studies upon ESCs transplantation [88, 89];
and (iii) immune rejection by the host [90, 91]. The ‘‘paracrine paradigma’’ could
overcome the disadvantages associated to ESCs employment. Transgenic over-
expression of the cytokine tumor necrosis factor alpha in the recipient mouse
myocardium hampered tumorigenic processes upon ESCs implantation and
enhanced the efficacy of paracrine cardiogenic signals [92]; Crisostomo et al. [93]
have shown that perfusion of ischemic rat hearts with ESCs-conditioned medium
produced a post-ischemic functional recovery and anti-inflammatory effect even
greater compared to perfusion with MSCs-conditioned medium, without any cell
transplantation.

Characterization of the paracrine mediators involved in stem cell homeostasis
and function may lead to the replacement of stem cell-based therapy with growth
factor-based therapy to prevent HF. Recent encouraging data in mice and in pigs
support this strategy [94, 95]. This is certainly an easier approach; however, the
main limitation for the clinical translation is the difficulty in finding the right
‘‘cocktail’’ of multiple growth factors contained in the adult stem cells conditioned
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media [96], also because many of these peptides induce distinct actions at different
concentrations and at specific phases post myocardial infarction. A deeper
knowledge of the interactions between paracrine factors and their roles in distinct
phases of the disease in time and in space is required. Progresses in protein and
peptide therapeutics research and in efficient delivery methods will certainly pave
the way for the development of cell-free protein-based treatment for cardiac repair.
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Chapter 18
Adult Neurogenesis in Alzheimer’s
Disease and Therapies

Philippe Taupin

Abstract Neural stem cells (NSCs) hold the potential to treat and cure a broad range
of neurological diseases and injuries. The confirmation that neurogenesis occurs in
the adult brain and NSCs reside in the adult central nervous system of mammals,
opens new avenues and opportunities for our understanding of development and for
cellular therapy. Adult NSCs may contribute to physio- and pathological processes of
the nervous system and may be used to repair and restore the damaged or injured
nerve pathways. Neurogenesis is enhanced in the brain of patients with Alzheimer’s
disease (AD). Enhanced neurogenesis in AD may contribute to a regenerative
attempt. Neurogenesis in the adult brain may also lead to the generation of aneuploid
neuronal cells, particularly in the hippocampus. Hence, adult neurogenesis may be
involved in processes both beneficial and detrimental in AD. Systemic administra-
tion may provide a strategy of choice for delivering adult-derived neural progenitor
and stem cells to treat AD. Adult NSCs offer therefore a promising model for
understanding the pathogenesis and pathology of AD and for cellular therapy for the
treatment of AD. The elucidation of the involvement and contribution of adult
neurogenesis and NSCs in AD will lead to the development of novel strategies for
treating and curing the disease.

18.1 Introduction

Neural stem cells (NSCs) are the self-renewing multipotent cells that generate the
main phenotypes of the nervous system, nerve cells, astrocytes, and oligodendro-
cytes. NSCs hold the potential to treat and cure a broad range of neurological diseases
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and injuries, ranging from neurodegenerative diseases, such as Alzheimer’s disease
(AD), Huntington’s disease (HD), and Parkinson’s disease, cerebral strokes,
traumatic brain, and spinal cord injuries [1]. Neurogenesis occurs in the adult brain
and NSCs reside in the adult central nervous system (CNS) of mammals, in various
species including humans [2, 3]. Hence, the adult brain may be amenable to repair
and adult NSCs offer new avenues and opportunities for cellular therapy, particularly
for the treatment of neurological diseases and injuries, and particularly AD. AD is the
most common form of dementia among elderly. It affects 35 million individuals
worldwide [4]. Reports indicate that neurogenesis is enhanced in the brain of patients
with AD [5]. This suggests that adult neurogenesis and newly generated neuronal
cells of the adult brain may be involved in the pathogenesis and pathology of AD.
The understanding of which will lead to a better understanding of AD and to the
development of new treatments for the disease. Neural progenitor and stem cells
administered systemically migrate to damaged and injured sites in the CNS [6, 7],
providing a strategy particularly suitable for treating AD, a disease with widespread
neurodegeneration. In this chapter, we will review and discuss the potential role and
contribution of adult neurogenesis and newly generated neuronal cells to the
pathogenesis and pathology of AD and the potential of adult neurogenesis and NSCs
for treating AD.

18.2 Alzheimer’s Disease

AD is a neurodegenerative disease. It is characterized by widespread neurode-
generation, amyloid deposits, neurofibrillary tangles, aneuploidy, memory and
cognitive deficits, and anosmia [8–11]. The early onset form of AD (EOAD) is a
rare form of the disease, primarily inherited. It is diagnosed before age 65. The late
onset form of AD (LOAD) is the most common form of the disease, accounting for
over 93% of all cases of AD. It is diagnosed after the age of 65. Most cases of
LOAD are sporadic forms of the disease. Age is the principal risk factor for AD.
The disease affects about 3% of individuals ages 65–74 and about 50% of those
85-year-old and older [12]. The causes for AD include genetic mutations and risk
factors. There is no cure for AD which leads to death within 3–9 years after being
diagnosed [4, 8]. The disease affects more than 35 million of individuals
worldwide.

Three genetic mutations causative for inherited forms of AD have been iden-
tified: mutations in the gene of amyloid precursor protein (APP), of presenilin-1
(PSEN1), and of presenilin-2 (PSEN2) [13]. APP is a 695–770 amino acid protein
coding for the protein beta-amyloid. Mutations in APP result in an excessive
production of the 42 amino acid beta-amyloid peptide and the formation of
amyloid deposits [14]. Mutations in PSEN1 and PSEN2, that plays a role in the
maturation of APP into protein beta-amyloid, result in the formation of amyloid
deposits [15, 16]. Some of the genetic, acquired, and environmental risk factors,
causative for the sporadic forms of AD, have been identified, such as the presence
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of certain alleles in the genetic makeup of the individuals, particularly the presence
of the apolipoprotein E varepsilon 4 allele (ApoE4), hypertension, diabetes, and
oxidative stress [17–20].

AD is associated with the loss of nerve cells in areas of the brain that are vital
to memory and other cognitive abilities, such as the entorhinal cortex and the
hippocampus. As the disease progresses, other regions of the brain are affected,
leading to severe incapacity and death [21]. Amyloid plaques and neurofibrillary
tangles are the histopathological hallmarks of AD. Amyloid plaques are com-
posed primarily of extracellular deposits of amyloid fibrils or protein beta-
amyloid [22]. Protein beta-amyloid originates from the post-transcriptional
maturation of the APP. Under certain conditions, such as the presence of specific
gene mutations or certain risk factors, the 42 amino acid form of protein beta-
amyloid aggregates to form deposits of amyloid fibrils or amyloid plaques.
Amyloid plaques are distributed throughout the brain of patients with AD,
particularly in the regions of degeneration, like the entorhinal cortex and hip-
pocampus [23]. Their density increases as the disease advances. Amyloid pla-
ques are thought to be the first histological change to occur in the brain of
patients with AD and may be a causative factor of AD [24]. Neurofibrillary
tangles are intracellular deposits of hyperphosphorylated tau proteins, a micro-
tubule-associated phosphoprotein, distributed throughout the brain of patients
with AD [25]. The hyperphosphorylation of tau proteins results in their aggre-
gation and in the break down of microtubules [26]. This leads to the formation
of neurofibrillary tangles and cell death [27].

Aneuploidy is landmark of the pathology of AD. A substantial percentage,
4–10%, of nerve cells in regions of neurodegeneration of the brain, such as the
hippocampus, of patients with AD express proteins of the cell cycle, particularly
cyclin B, and are aneuploid [28, 29]. Cell cycle re-entry and DNA duplication,
without cell division, is at the origin of aneuploidy in those cells in the brain of
patients with AD [30, 31]. Aneuploid nerve cells originating from the re-expression
of proteins of the cell cycle are fated to die; they may live in this state for months
undergoing a slow death process [32, 33]. Cell cycle re-entry and DNA duplication,
without cell division, leading to aneuploidy would be an underlying mechanism
of the neurodegenerative process in AD. The genetic imbalance in aneuploid cells
results in the over expression of genes by the cells. The genes for ApoE, APP, PSEN1,
PSEN2, and tau are located on chromosomes 19, 21, 1, 14, and 17, respectively
[34–37]. Cells of AD patients elicit an elevation of aneuploidy, particularly for
chromosomes 21 [38]. Aneuploidy for genes involved in the pathology of AD would
contribute to the pathogenesis of the disease, as a result of the over expression of
those genes. Hence, aneuploidy in AD underlies the process of neurodegeneration
and contributes to the pathogenesis of AD, by over-expressing genes involved in the
disease and triggering a cascade of events amplifying the development of the disease.

In all, AD is the most common form of senile dementia. It is characterized
by protein misfolding, genetic instability, and neurodegeneration.
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18.3 Adult Neurogenesis and Neural Stem Cells in Mammals

Neurogenesis occurs in discrete regions of the adult mammalian brain, primarily in
the subventricular zone (SVZ) along the ventricles and in the dentate gyrus (DG) of
the hippocampus, in various species including humans [39, 40]. Newly generated
neuronal cells, in the anterior part of the SVZ, migrate through the rostro-migratory
stream to the olfactory bulb, where they differentiate into olfactory interneurons [41].
In the DG, newly generated neuronal cells in the subgranular zone, a layer beneath
the granular layer, migrate to the granule cell layer, where they differentiate into
granule-like cells and extend axonal projections to the CA3 region of the Ammon’s
horn [42, 43]. Newly generated neuronal cells in the DG establish synaptic contacts
with neighboring and target cells [43–45]. They establish MF-like synapses with
their target cells of the CA3 region [45]. The number of neuronal cells generated per
day in the adult brain is relatively low, particularly in the DG. In mice, the number of
newly generated neuronal cells per day in the DG is estimated at 9,000 cells, or about
0.1% of the granule cell population [46].

Neurogenesis is modulated in the adult brain, particularly in the hippocampus. It is
modulated by a broad range of environmental stimuli, physio- and patho-logical
processes and conditions, trophic factors/cytokines, neurotransmitters and drugs,
including enriched environment, learning and memory tasks, physical activity, AD,
epilepsy, and drugs used for treating depression and AD, such as fluoxetine and
memantine [47]. Environmental enrichment, learning and memory tasks and
physical activity stimulate hippocampal neurogenesis in adult rodents [48–51].
Neurogenesis is enhanced in the adult hippocampus of animal models of epilepsy and
strokes [52, 53]. It is enhanced in the SVZ and hippocampus in the brain of patients
with HD and AD, respectively [5, 54]. This suggests that neurogenesis in the adult
brain is involved in various physio- and pathological conditions and processes of the
nervous system, including neurological diseases and drug activity [55].

Newly generated neuronal in the adult mammalian brain would originate for a
pool of residual stem cells [2]. Self-renewing multipotent NSCs have been isolated
and characterized in vitro, from various regions of the adult brain, including the
SVZ, hippocampus and spinal cord, and from various mammalian species,
including from human biopsies and postmortem tissues [56–59]. Neural and
progenitor cells isolated and characterized from the adult brain express molecular
markers, such as the intermediate filament nestin, the transcription factors sox-2,
oct-3/4, and the RNA binding protein Musashi 1 [60–63]. The isolation and
characterization of neural and progenitor cells from the adult brain reveal that
NSCs reside in the adult CNS and that it has the potential for self-repair. Adult-
derived neural progenitor and stem cells also provide a source of tissue that may be
used for cellular therapy, for transplantation.

The contribution of adult neurogenesis and newly generated neuronal cells of the
adult brain to the physio- and pathology of the nervous system remains to be
elucidated. Newly generated neuronal cells of the adult brain would contribute to the
plasticity of the nervous system and regenerative attempts after injuries [64, 65].
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18.4 Adult Neurogenesis and Newly Generated
Neuronal Cells in AD

Autopsy studies show that the expression of doublecortin, a marker of immature
neuronal cells, is enhanced in the hippocampus of the brain of patients with
LOAD [5]. This reveals that neurogenesis may be enhanced in the hippocampus
of patients with AD. In animal models of AD, neurogenesis is enhanced in the
hippocampus of adult transgenic mice that express the Swedish and Indiana APP
mutations [66]. It is reduced in the hippocampus of adult mice deficient for APP
or PSEN1, of adult transgenic mice over-expressing variants of APP or PSEN1
and of adult PDAPP transgenic mice, a mouse model with age-dependent
accumulation of protein beta-amyloid [67–70]. The expression of nestin and
Musashi1, markers of neural progenitor and stem cells, is reduced in the SVZ of
patients with AD [71]. This shows that neurogenesis may be reduced in the SVZ
of patients with AD. These studies report conflicting data on the modulation of
adult neurogenesis in AD, particularly in the hippocampus. Enhanced neuro-
genesis in the hippocampus would represent a regenerative attempt to compen-
sate for the neuronal loss in the AD brain. Reduced neurogenesis in the SVZ of
AD brain may underlie the compromised olfaction associated with the disease
[72]. Hence, adult neurogenesis and newly generated neuronal cells of the adult
brain play a role in the pathology of AD, the contribution of which remains to be
elucidated and determined.

Bromodeoxyuridine (BrdU)-labeling and immunohistochemistry for neuronal
markers, and immunohistochemistry for markers of the cell cycle are the techniques
the most used to study cell proliferation and neurogenesis in the human brain and in
animal models [73]. BrdU is a thymidine analog. It is a mutagenic and toxic
substance. It is a marker of DNA synthesis, not a marker of cell proliferation. There
are limitations and pitfalls over the use of BrdU-labeling and immunohistochem-
istry for markers of the cell cycle for studying cell proliferation and neurogenesis
[74, 75]. Studying cell proliferation and neurogenesis using the BrdU-labeling
paradigm and immunohistochemistry for markers of the cell cycle requires
distinguishing cell proliferation and neurogenesis from other events involving DNA
synthesis, such as DNA repair, abortive cell cycle re-entry, leading to apoptosis,
and gene duplication, without cell division, leading to aneuploidy [76, 77]. Hence,
the conflicting data reported on adult neurogenesis in the brain of patients with AD
and in animal models of AD may originate from the validity of the techniques and
protocols used to study adult neurogenesis. It may also originate from (i) the
validity of animal models, such as transgenic mice, as representative of a disease,
such as AD, and to study adult phenotypes, such as adult neurogenesis. In fact,
transgenic mice deficient or over-expressing genes, such as APP and PSEN1, are
not representative models of the disease, but rather models to study the genes
involved in the diseases [78]. Conflicting data reported on adult neurogenesis in the
brain of patients with AD and in animal models of AD may also originate from the
fact that there is no consensus on the term neurogenesis. Some studies only present
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data on cell proliferation, whereas others present only data on cell survival and
neuronal differentiation. It may also originate from the fact that in most studies, and
in particular in the human post-mortem studies, only one time point along the
pathology is analyzed. Neurogenesis might indeed be differentially regulated along
the pathogenesis [79]. Hence, studies on adult neurogenesis must be carefully
analyzed, discussed, confirmed, and validated, particularly when studying neuro-
degenerative diseases like AD. Further studies are therefore mandated to charac-
terize the modulation of adult neurogenesis in AD.

Cell division is the most likely process to generate aneuploid cells. The non-
disjunction of chromosomes during the process of adult neurogenesis has the
potential to generate populations of cells that are aneuploid, particularly in the
neurogenic regions [80]. Aneuploid newly generated neuronal cells of the adult
brain would contribute to neurodegeneration and amyloid and neurofibrillary
tangles formation, particularly in the neurogenic regions of the adult brain, such as
the hippocampus. Neurogenesis is a relatively low frequency event in the adult
brain of mammals, estimated at 0.1% of the granule cell population generated per
day in the DG of adult mice [46, 48]. Nonetheless, the contribution of aneuploid
newly generated neuronal cells of the adult brain to the pathogenesis of AD may
be critical, as they are generated particularly in the hippocampus, a region
involved in learning and memory and particularly affected in patients with the
disease. Hence, adult neurogenesis may be involved and contribute to the patho-
genesis of AD [80].

The hyperphosphorylation of tau proteins, by kinases, leads to the break down
of microtubules and the disruption in the mitotic spindle, the mutated forms of
PSEN1 are detected in interphase kinetochores and centrosomes of dividing cells,
and oxidative stress is involved in the segregation and migration of chromosomes
during cells division and promotes aneuploidy [81–83]. Causative factors of AD
may therefore promote the generation of aneuploid newly generated neuronal cells
in the adult brain.

In all, adult neurogenesis and newly generated neuronal cells of the adult brain
may be involved in regenerative attempts and in the pathology and pathogenesis of
AD. However, the contribution of adult neurogenesis to the pathology of AD
remains to be further characterized, as well as the modulation of neurogenesis in
the AD brain. The generation of aneuploid newly generated neuronal cells in the
adult brain to be demonstrated, particularly in the AD brain. Adult neurogenesis
would not only be beneficial, it may also be detrimental for patients with AD.

18.5 Cellular Therapy

The stimulation of endogenous neural progenitor or stem cells of the adult brain
and the transplantation of adult-derived neural progenitor and stem cells are being
considered for repairing and restoring the damaged or injured nerve pathways, and
particularly for treating patients with AD.
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The microenvironment or niche controls the developmental potential and
therefore therapeutic potential of stem cells [84, 85]. Neurogenesis is modulated in
the adult brain in the neurogenic regions. The stimulation of neurogenesis in the
hippocampus and SVZ may contribute to reverse or compensate deficits associated
with neurological diseases and disorders, particularly the deficits associated with
the hippocampus and olfactory bulb, such as learning and memory and anosmia,
respectively. Alternatively, drugs and compounds stimulating adult neurogenesis,
or neurogenic drugs, may be used to stimulate the proliferation and differentiation
of endogenous neural progenitor or stem cells to repair and restore the degenerated
or injured nerve pathways [86]. However, the microenvironment may limit such
strategy and the molecular and cellular mechanisms underlying the development of
neural progenitor or stem cells in the adult brain will need to be elucidated to
promote endogenous neural progenitor and stem cell repair, as a therapeutic
strategy for treating neurological diseases and injuries, particularly AD [87].
Neuronal cells are generated at sites of degeneration in the diseased brain and after
CNS injuries, such as in HD and in experimental models of cerebral strokes [88,
89]. These newly generated neuronal cells originate from the SVZ and migrate
through the rostro-migratory stream to the sites of degenerations and injuries.
Therapeutic strategies for treating neurological diseases and injuries may aim at
identifying and characterizing drugs or compounds that promote the proliferation,
migration, and differentiation of neural progenitor and stem cells of the SVZ to
repair and restore the degenerated or injured nerve pathways, particularly in AD.

The intracerebral transplantation of adult-derived neural progenitor and stem cells
may be used primarily for treating neurodegenerative diseases for which the
degeneration is not widespread, such as Parkinson’s disease [90]. For neurodegen-
erative diseases for which the degeneration is widespread, such as AD, HD, and
multiple sclerosis, this strategy may not be applicable, as it would require multiple
sites of transplantation. Neural progenitor and stem cells migrate to sites of degen-
eration and diseased areas of the CNS, when administered systemically, such as
intravenously [7, 91]. Hence, the intravenous injection of adult-derived neural pro-
genitor and stem cells may provide a strategy of choice and a promising strategy for
treating neurodegenerative diseases and particularly AD. It provides a non-invasive
mean to deliver stem cells to the CNS. Future directions will involve improving the
homing and migration of the stem cells to the diseased and injured sites, such as the ex
vivo fucosylation of stem cells prior intravenous injection [92, 93].

18.6 Conclusion and Perspectives

AD is a major public health problem and there is a need to both better understand
the pathology and pathogenesis of the disease and design and develop new
treatments for the disease. Adult neurogenesis and NSCs offer such opportunities.
Studies show that neurogenesis may be enhanced in the brain of patients with AD.
Adult neurogenesis has the potential to generate aneuploid neuronal cells in the
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adult brain and causative factors of AD, such as genetic mutations and other risk
factors, may increase this latter risk for AD. Hence, adult neurogenesis may be
both beneficial and detrimental to AD. The intravenous administration of adult-
derived neural progenitor and stem cells offers a promising model for treating
patients with AD. Future studies will involve further characterization of the
modulation of adult neurogenesis in AD and the characterization of the generation
of aneuploid neuronal cells in the AD brain, particularly in the hippocampus.
Future investigations will aim at studying the potential of systemic delivery of
adult-derived neural progenitor and stem cells in animal models of AD and to
design and develop novel drugs that promote the regenerative capacity of the
hippocampus, to promote functional recovery in AD.
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