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v

Over the years, a chasm between biomedical researchers and the patients who may 
benefit from their discoveries has been opened. On one hand, millions of patients 
with diseases such as cancer are anxiously waiting for new remedies to save their 
lives. On the other hand, many exciting basic science discoveries do not have 
opportunities to find practical applications. Recently emerging translational medi-
cine aims to tie basic research to clinical results and optimize both patient care and 
preventive measures.

Translational medicine converts promising laboratory discoveries into clinical 
applications and elucidates clinical questions with the use of bench work, aim-
ing to facilitate prediction, prevention, diagnosis, and treatment of diseases. With 
the ultimate goal to develop more effective preventive/therapeutic approaches and 
improve clinical outcomes and health levels, translational medicine is therefore a 
people (patients and the general population as a whole)-oriented medical practice.

The past three decades have witnessed tremendous advances in China in the 
development of living conditions, food and nutrition, and the health care system. 
However, while the economy grows and society rapidly transforms, the health care 
system faces multiple problems. China bears a complex disease spectrum: On one 
hand, communicable diseases frequently seen in developing countries remain a 
heavy burden; on the other hand, chronic diseases commonly found in developed 
countries are also the leading causes of death and disability in China. The situation 
shows that the health care system in China is facing great challenges, and a state 
effort is needed to meet these challenges. Therefore China is deepening its reform 
to improve its people’s welfare. The development of translational medicine will 
accelerate disease control and finding solutions for health problems.

Translational medicine is a multidisciplinary program that integrates research 
from the medical sciences, basic sciences, and social sciences, with the aim of 
optimizing patient care and preventive measures that may extend beyond health 
care services. Therefore, close collaboration in an international scale among all the 
parties is essential to the development of translational medicine.

Series Foreword



vi Series Foreword  

To enhance the aforementioned international collaboration as well as to provide 
a forum for communication and cross-fertilization among basic, translational, and 
clinical research practitioners, we launch the book series “Translational Medicine 
Research”. It features original and observational investigations in the broad fields 
of laboratory, clinical, and public health research, aiming to provide practical up-
to-date information in significant research from all subspecialties of medicine and 
to broaden the readers’ vision and horizon from bench to bed and bed to bench.

In close collaboration with National Infrastructures for Translational Medicine 
(Shanghai), the book series “Translational Medicine Research” serves as a state-
of-the-art resource for physicians and translational medical researchers alike who 
are interested in the rapidly evolving field of translational medicine. As the Editor-
in-Chief, I welcome all the researchers in related areas to report the latest bench-
to-bedside researches in this series, so that the series can promote human health by 
accelerating the knowledge dissemination in global community.

Shanghai, China 
May 2015 

Zhu Chen
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Preface

It is my great honor to be invited by Professor Zhu Chen as the chief editor of the 
Stem Cell Fascicle of Published Engineering. Chinese scientists have been devot-
ing to the basic research and clinical application in the field of stem cell biology 
and have obtained a series of original achievement in the flow of exploration of 
fundamental theory, key scientific problem research, clinical trials of products, and 
analysis of mechanism back in the lab laboratory in the past decade.

The essence of life lies in stem cells. Stem cell research currently is the hottest 
and leading part in the field of life science research. Stem cell research acts as a 
great role in the development of life science providing new medical method for 
human health service and leading the development of new drugs and technological 
industrialization. As it were, stem cell research occupies currently the most influ-
ential field of scientific research and economy, which advances with times, broad 
and profound, covers and contains everything. The interdisciplinary research of 
basis and clinic attracts many senior and junior scientists to participate in, which 
blooms the field of stem cell.

In China, under the long-term influence of traditional medicine, which is quite 
different from the western, we have got a unique understanding of life. Thus, stem 
cells have been given a special definition and called flesh and blood of human 
body and best product for nourishing and nurturing. Integrating innovative think-
ing and life science technology into traditional Chinese medicine has promoted 
stem cell research to achieve in basic scientific findings and clinical applications. 
The discovery of stem cell is hailed as the model of technological innovation of 
oriental medicine to which the government has attached high importance by 
sponsoring considerably through related departments chronically. In the field of 
life science, China predominates the IPR of core technology of stem cell and has 
built a leading industry of stem cells all over the world especially in the parts of 
new drugs and clinical transportation from the same starting line with other coun-
tries. It will promote considerably the development of stem cell industry, lead the 
technological innovation, and make our country one of the developed countries in 
regenerative medicine of stem cells.
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The research of stem cell involves nearly every field of life science and bio-
medicine and the application of stem cell therapy covers almost all of the 
clinical major diseases in present. In recent years, stem cell research has repeat-
edly been named as annual important scientific achievement by the international 
scientific community for the reason that stem cell and its technology holds great 
promises for human to cure refractory diseases for a long and healthy life. 
Therefore, in near future, the storage of stem cell will contribute to cure several 
major diseases for human and it is sure that the research of stem cell will involve 
in more fields of health service. The differentiation of multiple system and refine-
ment of division of work will be a trend in the field of stem cell research. Inducing 
the stem cell to differentiate in specific direction by reprogramming technology 
makes the treatment of stem cell more targeted. For instance, blood type incom-
patibility or blood supply insufficiency can be excluded by self-renewal of blood 
cells.

The field of stem cell research is vibrant and has a bright future; time waits for 
no one and we race against it. We should develop new technologies constantly, 
accelerate the research of innovative drugs and establish professional, systemic 
platform for resource sharing of stem cell and biological treatment research to 
evaluate immune function of stem cell. We should integrate and increase the uti-
lization efficiency of clinical resource and mobilize fully the enthusiasm of stem 
cell research in various clinical departments to take advantage of interdisciplinary 
superiority of stem cell. We should implement the research of clinical transporta-
tion and integrate production, education and research to push forward effectively 
the advance of life science and transformation medicine, drive the development of 
technological industry of life, and promote national health industry one more step 
forward by doing what we can do.

Finally I want to express gratitude to the team of authors, which is the authority 
in the field.

Professor Yanan Du develops and integrates micro/nano scale technolo-
gies and biomaterials to advance the understanding and applications of cell/tissue 
engineering and therapy for drug testing, pathology investigation, and regenerative 
medicine.

Professor Xiaosong Gu does excellent work in based tissue engineering for the 
treatment of neurological injuries based on marrow mesenchymal stem cells.

Professor Ying Han explores the clinical applications and mechanisms of stem 
cell therapy in liver diseases.

Professor Zongjin Li has used state-of-the-art molecular biology technology 
and developed molecular imaging assays for the study of intact biological systems, 
especially stem cell therapy.

Professor Naihe Jing mainly focuses on BMP signaling pathway and epige-
netic regulation of central neural system development and neural differentiation of 
pluripotent stem cell.

Professor Xuetao Pei’s main research fields are stem cell biology, stem cell 
therapy and regenerative medicine.
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Professor Ji Wu is a pioneer in the study of female germline stem cells in 
mammals.

Professor Kaichun Wu has been interested in the stem cell research and appli-
cation for human intestinal diseases including inflammatory bowel disease.

Dr. Rongwen Xi uses drosophila as a genetic model organism for the under-
standing of microenvironmental and intrinsic mechanism regulating self-renewal 
and differentiation of stem cell tissues.

Professor Xinhua Xiao’s main research interests include the role of genetics 
and epigenetics in the pathogenesis and progression of type 2 diabetes and mono-
genic disorders of glucose metabolism.

Professor Limei Yu focuses on the study of mesenchymal stem cells and epithe-
lial cells derived from amnion membrane.

Professor Qi Zhou is a pioneer in the study of iPSCs.
Professor Jianhong Zhu is pioneer in the study of neural stem cells.
Professor Lee is a chaser of regenerative medicine through stem cell based gene 

therapy.
Professor Nedime Serakinci has internationally proven extensive expertize in 

Telomere/telomerase biology as well as in stem cell biology and pioneer in cellu-
lar immortalization of primary stem cells.

Dr. Mahmut Cerkez Ergoren specialized on the fundamental processes like 
mutation, recombination and polymorphism that generate DNA diversity and 
genome instability and thus contribute to disease and drive evolution.

Professor Philip Pastides is an orthopaedic surgeon based in London with an 
interest in trauma and biomechanics.

Dr. Wasim Khan is an orthopaedic surgeon based in London with an interest in 
stem cell biology and musculoskeletal tissue engineering.

Professor Seok-Goo Cho focuses on researching the underlying mechanisms of 
mesenchymal stem cell-based immune modulation for various applications and ulti-
mately aims to enhance the therapeutic potential of mesenchymal stem cells through 
novel approaches including combinatory cell-based therapy, gene-modification and 
polarization in immune-mediated disorders.

Dr. Nayoun Kim pursues basic and translational research aimed at employing 
mesenchymal stem cell-based therapy to regulate the immune system in various 
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Chapter 1
Primordial Germ Cells  
and Germ Line Stem Cells

Ji Wu, Zhuxia Zheng, Hu Wang, Xingxing Mei,  
Xingbao Ding and Xiaoyong Li

© Shanghai Jiao Tong University Press, Shanghai  
and Springer Science+Business Media Dordrecht 2015 
R.C. Zhao (ed.), Stem Cells: Basics and Clinical Translation, Translational 
Medicine Research 1, DOI 10.1007/978-94-017-7273-0_1

Abstract Germ cells are a sexual reproductive cell type at any stage from  
primordial germ cells (PGCs) to mature gametes. Germ line stem cells are impor-
tant for genetic transmission to future generations. In this review, we focus on 
female germ line stem cells (FGSCs), spermatogonial stem cells (SSCs), and 
PGCs. In addition, we summarize current research progress concerning PGC spec-
ification, migration, and development, SSC properties, their niche, and fate deci-
sions, as well as the history and current research of FGSCs and their applications.

Keywords Primordial germ cells · Germ line stem cells · Spermatogonial stem cells

1.1  The Origin and Fate of Germ Cells in Mammals

In many organisms, a primary event during development is the segregation of 
germ cells from somatic cells. Germ cell development ensures the perpetuation 
of genetic information across the generations. In mammals, primordial germ cells 
(PGCs) are the first cell type established during embryogenesis and are the com-
mon precursors of both oocytes and spermatozoa.

1.1.1  PGC Specification in Mammals

In many invertebrates, PGCs are determined by the inheritance of maternal fac-
tors deposited in the egg, and only blastomeres containing germ cell determinants 

J. Wu (*) · Z. Zheng · H. Wang · X. Mei · X. Ding · X. Li 
Key Laboratory for the Genetics of Developmental and Neuropsychiatric Disorders  
(Ministry of Education), Bio-X Institutes, Shanghai Jiao Tong University,  
No. 800, Dongchuan Road, Minhang District 200240, Shanghai, China
e-mail: jiwu@sjtu.edu.cn
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develop into germ cells. However, in mammals, pluripotent epiblast cells acquire 
a germ cell fate in response to extrinsic and intrinsic signaling molecules. Prior to 
gastrulation, the mouse embryo consists of three distinct cell lineages: the epiblast, 
extraembryonic endoderm, and trophectoderm. PGCs are derived from the proxi-
mal fraction of the population of epiblast cells that will mainly give rise to the 
extraembryonic mesoderm. Transplantation experiments have demonstrated that 
signals from extraembryonic tissues are critical for PGC fate specification (Tam 
and Zhou 1996). In the mouse, PGCs are identified as an alkaline phosphatase-
positive cell population in the developing allantois [embryonic day (E) 6.5–7.5].

Bone morphogenetic protein (BMP) signaling from extraembryonic tissues 
is essential for PGC specification in mouse embryos. Bmp4, which is expressed 
in the extraembryonic ectoderm prior to gastrulation and subsequently in the 
extraembryonic mesoderm, is required for the generation of PGCs. A previous 
study of Bmp4 mutant embryos revealed a significant reduction in the number of 
PGCs in heterozygous mutant embryos, and no PGCs were detected in homozy-
gous mutant embryos (Lawson et al. 1999). Bmp8b, which is expressed in the 
extraembryonic ectoderm in pregastrula and gastrula stage mouse embryos, is 
also required for PGC generation (Ying et al. 2000). Bmp4 and Bmp8b may form 
heterodimers to induce the formation of PGCs (Ying et al. 2001). Targeted inac-
tivation of the Bmp2 gene, which is primarily expressed in the endoderm of pre-
gastrula and gastrula stage mouse embryos, significantly reduces the number of 
PGCs (Ying and Zhao 2001). Moreover, WNT signaling in the epiblast plays a 
role in PGC formation. Wnt3 in the epiblast ensures its responsiveness to BMP4 
for PGC differentiation (Ohinata et al. 2009). Dullard (also known as C-terminal 
domain nuclear envelope phosphatase 1; Ctdnep1) is a member of the serine/threo-
nine phosphatase family of the C-terminal domain of eukaryotic RNA polymerase 
II. A recent study revealed that Dullard is essential for the formation of PGCs in 
the mouse embryo as a positive regulator of WNT signaling (Tanaka et al. 2013).

After induction by BMP and WNT signals, epiblast cells are regulated by PR 
domain proteins PRDM1 (also known as B lymphocyte induced maturation pro-
tein 1, Blimp1) and PRDM14. PRDM1, a potential transcriptional repressor of a 
histone methyltransferase subfamily, has a critical role in the foundation of the 
mouse germ cell lineage. PRDM1 promotes the expression of Stella (also known 
as Dppa3), a definitive PGC marker, and represses the expression of somatic cell 
genes, particularly members of the Hox gene family. In Prdm1 knockout mouse 
embryos, PGC-like cells fail to repress the expression of somatic cell genes, 
Hoxa1 and Hoxb1, and PGCs lacking PRDM1 do not properly migrate or pro-
liferate (Ohinata et al. 2005). Prdm14, a PR domain-containing transcriptional 
regulator, has been found to be important for PGC specification in mice. Similar 
to Prdm1-knockout mice, PGCs are almost completely lost by E12.5 in Prdm14 
mutant embryos (Yamaji et al. 2008). Another study has demonstrated that a con-
served mesodermal factor, T, which is induced by WNT3, is essential for the acti-
vation of Prdm1 and Prdm14 via binding to distinct regulatory elements in these 
genes for direct upregulation, thereby delineating the downstream PGC program 
(Aramaki et al. 2013). Recently, an in vitro study revealed that simultaneous 
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overexpression of Prdm1, Prdm14, and Tfap2c (also known as AP2γ) rapidly and 
efficiently directs epiblastlike cells derived from embryonic stem cells (ESCs) or 
induced pluripotent stem cells or (iPSCs) into a PGC state (Nakaki et al. 2013). 
Another study demonstrated that, in principle, PRDM1, AP2γ, and PRDM14 are 
sufficient for PGC specification and the unprecedented resetting of the epigenome 
toward a basal state (Magnusdottir et al. 2013).

1.1.2  PGC Migration in Mammals

In the mouse, PGCs begin to migrate from the primitive streak to the endoderm 
(the future hindgut) at E7.5. They continue to migrate through the hindgut endo-
derm at E8.0 and then migrate bilaterally toward the dorsal body wall at E9.5 to 
finally colonize the gonadal ridges at E10.5.

There are several factors that play important roles during PGC migration in 
mammals. PGCs lacking β1 integrins fail to migrate normally to the gonads 
(Anderson et al. 1999). IFITM (interferon-induced transmembrane) proteins are 
cell surface proteins implicated in diverse cellular processes including cell adhe-
sion. Knockdown of Ifitm1 by RNA interference in the primitive streak leads to 
failure of PGC migration into the endoderm (Tanaka et al. 2005). During the later 
stage of migration, the interaction of stromal cell-derived factor 1 (expressed by 
the body wall mesenchyme and genital ridges) and its G-protein-coupled recep-
tor, chemokine (CXC motif) receptor 4 (expressed by the migrating germ cells), 
is required for the colonization of the gonads by PGCs (Molyneaux et al. 2003). 
Foxc1 encodes a forkhead/winged-helix transcription factor expressed in many 
embryonic tissues. Many PGCs fail to migrate normally to the gonadal ridge in 
Foxc1 null mouse embryos, remaining trapped in the hindgut, although the germ 
cells are specified correctly (Mattiske et al. 2006).

1.1.3  PGC Development in Mammals

Following gonadal sex determination, germ cells in the testis initially proliferate 
and then undergo mitotic cell cycle arrest at G0/G1. The germ cells that differ-
entiate from PGCs to type A spermatogonia, including spermatogonial stem cells 
(SSCs), are termed gonocytes. Gene expression patterns change dynamically dur-
ing the transition from PGCs to gonocytes and SSCs (Culty 2009). After arriving 
at the genital ridge at approximately 10.5 days post-coitus (dpc), female germ 
cells are called oogonia and develop into clusters of cells called germ line cysts or 
oocyte nests. Subsequently, the oogonia enter meiosis and become oocytes. During 
fetal and neonatal development, germ line cysts break apart into single oocytes, 
which are intruded by pregranulosa cells to form primordial follicles (Pepling 
2006, 2012; Pepling and Spradling 2001).
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In mammals, meiotic initiation occurs at different time points in male and 
female germ cells. Female germ cells enter meiosis at around 13.5 dpc and arrest 
at the diplotene stage beginning at 17.5 dpc (Speed 1982), whereas male germ 
cells start meiosis at puberty. Retinoic acid (RA) is produced in the mesonephros 
of both sexes, which is postulated to diffuse or flow into the adjacent gonad. Stra8 
(stimulated by retinoic acid gene 8), which is induced by RA, is a premeiotic gene 
required for meiotic initiation. In the fetal ovary, high levels of RA induce germ 
cells to enter meiosis (Baltus et al. 2006; Bowles et al. 2006; Koubova et al. 2006; 
Vernet et al. 2006; Lin et al. 2008). However, meiosis is not triggered in the fetal 
testis because RA is degraded by the retinoid enzyme CYP26B1. In Cyp26b1-
knockout male fetal gonads, germ cells enter meiosis (Bowles et al. 2006). A study 
of Cyp26b1-, Fgf9 (fibroblast growth factor 9)-, and double-knockout embryos 
demonstrated that fibroblast growth factor (FGF) 9 produced in the fetal tes-
tis acts directly on germ cells to inhibit meiosis, making them less responsive to 
RA (Bowles et al. 2010). A recent study showed that PRC1 (polycomb repressive 
complex 1) has gene dosage effects on PGC development and coordinating the 
timing of sex differentiation of female PGCs by antagonizing extrinsic RA sign-
aling to ensure proper timing of meiotic induction (Yokobayashi et al. 2013). In 
addition, Dazl (Lin et al. 2008), Msx1/2 (Le Bouffant et al. 2011), Dmrt1 (Matson 
et al. 2010; Krentz et al. 2011), Nodal (Souquet et al. 2012), and Notch pathways 
(Feng et al. 2014) regulate the initiation of meiosis. However, a study of Raldh2 
(retinaldehyde dehydrogenase-2)-knockout mice lacking RA synthesis and signal-
ing in the mesonephros and adjacent gonad revealed that STRA8 expression in the 
fetal ovary does not require RA signaling (Kumar et al. 2011).

The conventional theory is that all germ cells in the fetal ovary enter meiosis, 
thereby committing to oogenesis. The number of germ cells is determined after 
birth. However, this view has been challenged. There are reports that female germ 
line stem cells (FGSCs) with the ability to produce functional oocytes still exist 
in neonatal and adult mouse ovaries (Zou et al. 2009). Subsequently, FGSCs have 
been discovered in the ovaries of reproductive-age woman (White et al. 2012) and 
rats (Zhou et al. 2014).

1.2  Female Germ Line Stem Cells

1.2.1  Introduction

FGSCs are a new class of germ cells in mammals. The recent identification and 
isolation of FGSCs from mouse and human ovaries have opened a new research 
area in stem cell biology, developmental biology, and reproductive biology as well 
as reproductive medicine. Although we know little about FGSCs and significant 
research needs to be performed at present, we believe that FGSCs might shed light 
on the preservation of fertility in reproductive-age women under the conditions of 
premature ovarian failure or chemotherapy. Recently, FGSCs were isolated and 



71 Primordial Germ Cells and Germ Line Stem Cells

cultured from postnatal mammals, which allows us to study their biological char-
acteristics and applications. In this section, we will discuss the progress of FGSC 
research.

1.2.2  History of FGSC Research

In the early 1950s, it was thought that postnatal germ line stem cells (GSCs) only 
existed in the male testis. However, in females, a fixed number of primordial fol-
licles exist in the ovaries, and the defined follicle pool serves as the source of 
oogenesis over the life span of mammals (Zuckerman 1951; Rudkin and Griech 
1962; Borum 1967; Peters and Crone 1967). From then on, although there have 
been different views from some researchers (Ying and Zhao 2001; Ohinata et al. 
2005, 2009; Tanaka et al. 2013; Yamaji et al. 2008), the existence of a non-renew-
ing follicle pool after birth in mammals has become a central dogma in classical 
reproductive biology.

Recently, Johnson et al. (2004) suggested that the female ovary may have 
regenerative activity in juvenile and adult mice in vivo by examining changes in 
follicle numbers from birth to adulthood. Subsequently, they showed that periph-
eral blood (PB) or bone marrow (BM) transplantation restores oocyte production 
in wild-type mice sterilized by chemotherapy and in ataxia telangiectasia-mutated 
gene-deficient mice (Johnson et al. 2004). Therefore, they concluded that BM 
and PB may be potential sources of female germ cells that can generate oocytes 
in adulthood. Unfortunately, this view spawned a wave of skepticism and contro-
versy, as well as reports with contradictory findings, claiming there is no evidence 
for the formation of oocytes from BM cells in mice (Eggan et al. 2006; Gosden 
2004).

In 2009, our laboratory successfully isolated FGSCs from neonatal and 
adult mouse ovaries by two enzymatic digestion steps and mouse vasa homolog 
(MVH)-magnetic bead sorting. Furthermore, a neonatal mouse FGSC line was 
established and cultured for more than 1 year, whereas the adult mouse FGSCs 
was cultured for more than 6 months. These long-term cultured FGSCs main-
tained a normal karyotype, high telomerase activity, and their capacity to differ-
entiate into functional oocytes, and offspring were generated after transplantation 
into ovaries (Zou et al. 2009). Considering the low purification efficiency based 
on MVH-magnetic bead sorting, we screened other germ cell-specific markers and 
found that the germ line-specific protein Fragilis as a selection maker can remark-
ably improve the purification efficiency (Zou et al. 2011). Moreover, transgenic or 
gene knockdown mice were prepared by FGSC transplantation. The gene transfer 
efficiency was up to 29–37 % (Zhang et al. 2011). In addition, we isolated and cul-
tured rat FGSCs with the abilities to produce fat-1 transgenic rats after transplanta-
tion in vivo and differentiate into oocytes in vitro (Zhou et al. 2014).

In 2012, White et al. extended our previously described protocol and cul-
ture system by isolating FGSCs from adult mice and reproductive-age 
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(20–30-year-old) women using MVH as the selection maker and fluorescence-acti-
vated cell sorting (FACS) (White et al. 2012; Woods and Tilly 2013).

In fact, FGSCs are found not only in rodents (mice and rats) and primates 
(humans), but also in other animals including vertebrate species such as fish 
including zebra fish (Wong et al. 2013) and teleost medaka (Nakamura et al. 
2010). More importantly, using a retrospective phylogenetic-based method, a 
study showed preservation of the female germ line in both young and old mice 
(Reizel et al. 2012). Therefore, the existence of FGSCs has been demonstrated 
through cell biology and genetic analysis.

1.2.3  Current FGSC Research Progress

1.2.3.1  FGSC Origin and Their Location

In the mouse, PGCs arise within the proximal epiblast, begin to migrate along the 
hindgut at E8.5, and then arrive at the genital ridge at around E10.5. PGCs prolif-
erate during their migration, thereby increasing their population. In the gonadal 
ridge, PGCs are considered as oogonia (Durcova-Hills et al. 2003). The oogonia 
divide mitotically in a short period. Subsequently, oogonia cease mitosis and enter 
meiosis I and arrest at this phase. Based on the current research of FGSCs, not all 
oogonia enter into meiosis, and a small number of GSCs exist during reproductive 
life (Bukovsky et al. 2008). However, the exact biological processes of differentia-
tion from PGCs to FGSCs are unknown. Single-cell analysis and real-time, high-
resolution imaging systems might facilitate future studies of these processes.

To investigate the location of FGSCs, bromodeoxyuridine (BrdU) has been 
injected into female mice followed by dual immunofluorescence staining of BrdU 
and MVH. The results indicated that FGSCs are located in the cortical surface of 
ovaries (Zou et al. 2009).

1.2.3.2  FGSC Isolation and Culture

Separation of FGSCs from ovaries requires knowledge of both the ovarian tissue 
structure and cell morphology. A schematic diagram of the major steps for FGSC 
isolation is shown in Fig. 1.1. Generally, there are two main methods to obtain 
pure FGSCs from a single cell suspension after two enzymatic (collagenase IV 
and trypsin) digestion steps, namely the differential plating method and the immu-
notargeted purification method [magnetic-activated cell sorting (MACS) and 
FACS]. Immunotargeting is largely based on a specific antibody targeting the sur-
face markers on GSCs.

To establish FGSC lines, FGSC isolation and purification protocols have been 
developed based on techniques for isolation and in vitro expansion of SSCs. 
Such a method described in our online protocol is able to isolate FGSCs from 
ovarian tissue (Wang et al. 2013). It is important to note that the homogeneity of 
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the starting materials and standardization of the isolation protocol are key fac-
tors for obtaining desired cells. In present, there is no unique surface marker for 
GSCs (SSCs and FGSCs) purification. Therefore, the markers should be carefully 
selected for GSC isolation. Using germ line surface markers may obtain GSCs, 
whereas other pluripotency-related makers such as stage-specific embryonic anti-
gen (SSEA)-1 may not be appropriate for GSC selection (Nakaki et al. 2013). In 
our opinion, regardless of the surface marker, probing the biological identity of the 
obtained cells is an issue of urgent priority.

In addition, a stable culture system is crucial to maintain the propagation and 
features of FGSCs in vitro. From our experience in stem cell culture, we believe 
that basic medium, a feeder layer, and growth factors play a major role in FGSC 
culture, although there is still some discrepancy between optimal culture condi-
tions and the microenvironment of FGSCs in vivo. Growth factors, such as glial 
cell line-derived neurotrophic factor (GDNF), FGF2, epidermal growth factor 
(EGF), and leukemia inhibitory factor (LIF), are important for SSC and FGSC 
propagation (Wu et al. 2008; Xiong et al. 2011; Yuan et al. 2009). Among these 
factors for in vitro culture, GDNF is critical for GSC proliferation.

1.2.3.3  FGSC Characterization

FGSCs can be characterized based on SSC and other stem cell-related research 
by their morphology and gene expression profiles, as well as functional assays. 

Fig. 1.1  Schematic diagram of major steps for FGSCs
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Interestingly, isolated FGSCs have a morphology common with freshly isolated 
SSCs, including a large cell body with little cytoplasm, helical nuclei with slight 
staining, a large nucleus/cytoplasm ratio, and a nuclear diameter of 12–20 µm. 
The growth pattern of FGSCs and SSCs is also similar. For example, most FGSCs 
grow with a typical grapelike morphology in primary culture. Both FGSCs 
and SSCs express germ cell-specific markers (MVH, Fragilis, Blimp-1, Dazl, 
and Stella) but not pluripotency-related proteins (Nanog, SSEA-1, and Sox2). 
Moreover, long-term cultured FGSCs maintain a normal karyotype (40, XX), alka-
line phosphatase activity, and a female imprinting pattern (Zou et al. 2009). In 
addition, the most important functional analysis of FGSCs is through oogenesis in 
vitro or in vivo.

1.2.3.4  FGSC Transplantation

In the mouse, transplantation has been used as a functional assay to study the bio-
logical characteristics of GSCs. Although SSC transplantation is considered as a 
quite mature technology, FGSC transplantation research is still lacking. In fact, 
transplantation can be divided into two categories: direct in situ injection (Zou 
et al. 2009) and tissue grafting (White et al. 2012). Although the grafting has 
advantage that GSCs still remain in their microenvironment and interact with their 
neighboring or supporting cells, the direct injection strategy can meet the need of 
gametogenesis requirement (Zou et al. 2009). Recent studies have shown that the 
combination of organ culture and transplantation provides a new strategy for func-
tional sperm preparation in vitro (Gohbara et al. 2010; Yokonishi et al. 2013; Sato 
et al. 2011a, b, 2012, 2013). However, whether functional oocytes can be gener-
ated from FGSCs using this platform is still unknown.

To eliminate effects from endogenous germ cells, recipient females of trans-
plantation can be sterilized with cyclophosphamide and busulphan. Furthermore, 
non-endogenous germ cells generated by genetic modification would be more con-
venient for transplantation. To ensure a good outcome after transplantation, some 
critical points need consideration, such as carefully moving the intestines away 
from the inside of the abdominal cavity and not damaging the connective tissue 
or underlying structures of the ovaries. The details of transplantation have been 
described previously (Wang et al. 2013).

1.2.4  Applications of FGSCs

Stem cells have a great potential for use in regenerative medicine because of 
their self-renewal and multi-lineage differentiation abilities. From a clinical per-
spective, as a new type of adult stem cell, FGSCs may be applicable from the 
preservation of endangered species to ovarian aging therapy, as well as treating 
infertility caused by radiation and chemotherapy, even though embryo and oocyte 
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cryopreservation are currently available to restore fertility. Moreover, FGSCs are 
an alternative source of mitochondria for ooplasmic transfer (Harvey et al. 2007; 
Barritt et al. 2001). From a basic research perspective, as a female germ cell pre-
cursor, FGSCs can be studied to understand the molecular mechanisms of oogen-
esis and folliculogenesis. Although numerous reports have shown that pluripotent 
stem cells including ESCs and iPSCs are able to differentiate into oocytes (Hubner 
et al. 2003; Hayashi et al. 2012), their direct differentiation is currently limited by 
low efficiency.

Since the discovery of pluripotent stem cells, they have created a new research 
area. Recent studies have reported that mouse SSCs can be converted into pluri-
potent stem cells under certain culture conditions (Ko et al. 2010; Conrad et al. 
2008; Guan et al. 2006; Kanatsu-Shinohara et al. 2004, 2008; Seandel et al. 2007; 
Golestaneh et al. 2009; Kossack et al. 2009). Based on our previous research, 
we have found that FGSCs share common characters with SSCs, including their 
shape, growth pattern, and functions during gametogenesis (Wu et al. 2013). 
Therefore, we attempted FGSC conversion to pluripotent stem cells. As a result, 
similar to SSC conversion, we found that FGSCs can be converted into pluripo-
tent stem cells under certain culture conditions (Wang et al. 2014). Consequently, 
the generation of patient-specific FGSC-derived pluripotent stem cells is feasible 
and provides a foundation for personalized regenerative applications. Moreover, 
SSCs can transdifferentiate into reproductive and non-reproductive cells and tis-
sues in certain microenvironments (Zhang et al. 2013; Simon et al. 2009). Whether 
FGSCs can transdifferentiate into other types of cells is still unknown. If FGSC 
transdifferentiation occurs, FGSCs will become more widely applicable.

Although FGSCs have a wide range of applications, which is similar to that 
of SSCs (shown in Fig. 1.2), we must have a clear understanding of these cells. 
To reveal more aspects of FGSC biology, studies of SSCs in mice and FGSCs 
in Caenorhabditis elegans and Drosophila can offer us new insights for further 
exploration. More importantly, new technologies and equipment used by scientists 
with different backgrounds will be helpful to further FGSC research.

1.3  Spermatogonial Stem Cells

1.3.1  Introduction

Continual spermatogenesis lays the foundation for male fertility, which is highly 
dependent on SSCs, a very small population accounting for only about 0.02–0.03 % 
of the germ cell population (Tegelenbosch and de Rooij 1993). The existence of SSCs 
has been proposed since the 1950s, but the related research progress has been diffi-
cult and little has been clarified in this field (De Rooij and Russell 2000). Traditional 
studies of SSCs highly relied on morphology and not considered the deeper aspects 
of their molecular mechanisms. In 1994, Brinster and colleagues developed a trans-
plantation technique to investigate SSC functionally (Brinster and Avarbock 1994). 
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Briefly, donor testicular cells are dissociated and transplanted into the efferent duct  
of infertile recipient mice. After 6 weeks to 2 months, offspring are produced with the 
donor haplotype. This technique is of great importance because it allows relatively 
easy identification of SSCs and counting of SSC numbers by considering that each 
colony in the seminiferous tubules arises from a single SSC (Kanatsu-Shinohara et al. 
2006). Another important milestone was the development of an in vitro SSC culture 
system in 2003 by Kanatsu-Shinohara et al. (2003). In the presence of GDNF, FGF2, 
LIF, EGF, and other cytokines, germ cells from neonatal mice are able to prolifer-
ate and form clusters of spermatogonia in long-term culture in vitro. Transplantation 
experiments have confirmed that SSC numbers are greatly increased in this system. 
In vitro culture systems are of great importance because they allow in vitro studies 
and the generation of large numbers of SSCs for molecular and biochemical studies 
(Kanatsu-Shinohara and Shinohara 2013). Owing to these two techniques and other 
traditional methods, SSC studies have advanced further to molecular mechanisms and 
signal transduction.

Fig. 1.2  FGSCs have a wide range of applications similar to that of SSCs
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1.3.2  SSC Properties

1.3.2.1  SSC Classification

SSCs residue on the basement compartment of seminiferous tubules and are sur-
rounded by a highly complex microenvironment called the niche that is respon-
sible for sophisticated and orchestrated regulation of the balance between SSC 
self-renewal and differentiation (Kostereva and Hofmann 2008). In mice, SSCs 
are undifferentiated spermatogonial cells of As (A-single), Apr (A-paired), and 
Aal (A-aligned chains of 4, 8, and 16 cells, and 32 in rare cases) configurations 
based on their topographical arrangement (Ohinata et al. 2005; Yamaji et al. 2008). 
Undifferentiated as spermatogonial cells are thought to be the most primitive type 
of spermatogonial cell, which will divide into two Apr cells interconnected by 
intercellular bridges, further division produces intercellular interconnected Aal4, 
Aal8, and Aal16 cells. Aal spermatogonia convert to differentiating type A sper-
matogonia (A1–4) that further progress to In (intermediate) and B spermatogonia. 
Finally, type B spermatogonia divide into primary spermatocytes, and mitosis con-
verts to meiosis to produce haploid spermatozoa (Phillips et al. 2010). A single 
SSC undergoes 11–12 divisions on average to eventually produce 2048 or 4096 
spermatozoa (De Rooij and Russell 2000) (Fig. 1.3). Classically, Apr and Aal cells 
are thought to be the progenitors committed to differentiate. However, increasing 
evidence shows that some Apr and Aal cells are potential SSCs. Through lineage 
tracing in a transplantation assay, Nakagawa et al. (2007) found that transit-ampli-
fying spermatogonia are also able to form colonies in a germ cell-depleted testis, 

Fig. 1.3  The process of spermatogenesis
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indicating their stem cell ability. Moreover, during tissue regeneration after testis 
injury, a significantly greater number of cells contribute to the stem cell pool than 
that under normal conditions, further confirming the progenitor cell potential.

Compared with rodents, the true identity of SSCs remains largely unknown in 
adult humans. Unlike propose model in mice previously mentioned, in a widely 
accepted model, there are two kinds of type A spermatogonia in human: a dark 
type A spermatogonia (Adark) and pale type A spermatogonia (Apale) according to 
their staining pattern and nuclear morphology. Both types of A spermatogonia are 
stem cells. Apale spermatogonia are the active stem cells responsible for normal 
self-renewal and generating type B spermatogonia, which further divide into sper-
matozoa, while Adark spermatogonia are the reserve stem cells with rare mitotic 
activity but are active under injury and disease states (Clermont 1963, 1966, 
1972). However, this model has been challenged by Ehmcke and colleagues who 
proposed a revised model in which Apale spermatogonia are self-renewing progeni-
tors and Adark spermatogonia are the true stem cells. In a non-human study, they 
showed that Apale spermatogonia undergo higher mitosis than previously thought 
and their increase in number affects the total number of germ cells (Ehmcke and 
Schlatt 2006; Ehmcke et al. 2006). Nevertheless, a lack of evidence has limited 
our understanding of human SSCs and more studies are required.

1.3.2.2  SSC Characteristics

The lack of specific SSC markers has greatly hindered our understanding of 
SSCs. However, expression profiles are slowly being revealed spermatogonia 
stem (progenitor) cells (SPC), indicating exclusive expression of many genes. 
The strong adherence of SSCs to laminin, the main component of the extracellu-
lar matrix of basement membranes, led to the clarification of β1 and α6 integrins 
as surface markers of SSCs (Shinohara et al. 1999). Subsequently, more surface 
markers have been identified, such as thymus cell antigen-1 (Thy-1), Ep-CAM, 
CD9, GDNF receptors GFRα1 and c-Ret, and GPR125, some of which allow 
the enrichment of SSCs by FACS and MACS (Buageaw et al. 2005; Kanatsu-
Shinohara et al. 2004; Tokuda et al. 2007; Kubota et al. 2003; Anderson et al. 
1999; Naughton et al. 2006). GFRα1, a co-receptor of GNDF with c-Ret, tends 
to be expressed in As and Aal cells and appears to represent a relatively primi-
tive proportion of spermatogonia. Combined with gravity sedimentation on a 
bovine serum albumin gradient, Hofmann et al. were able to isolate SSCs to 98 % 
purity using GFRα1 for antibody selection. However, purification with GFRα1 is 
only possible from pubescent mice but not adults, and the cell survival in culture 
is low (Hofmann et al. 2005; Ebata et al. 2005). Many studies have successfully 
enriched SSCs with an antibody against Thy-1 and realized their long-term culti-
vation. However, the cells are a mixture of spermatogonia at various stages, which 
is sufficient for most researchers (Kubota et al. 2004). c-kit is the receptor for stem 
cell factor (SCF), which was previously thought to be expressed by SSCs but later 
identified as a marker of differentiation (Shinohara et al. 1999). In multi-parameter 



151 Primordial Germ Cells and Germ Line Stem Cells

cell sorting, negative selection with c-kit and positive selection with another sur-
face marker will result in a higher percentage of SSCs. c-kit is expressed in late 
Aal spermatogonia to early spermatocytes, and its expression is often used to 
identify Aal cell conversion to differentiating spermatogonia A1 (Shinohara et al. 
2000; Lennartsson and Rönnstrand 2012; Zhang et al. 2013).

Many transcription factors that promote self-renewal have been proposed 
as SSC markers. According to their response to GDNF, a key extracellular fac-
tor that promotes self-renewal, transcription factors can be divided into GDNF-
dependent or GDNF-independent factors. GDNF is the most important extrinsic 
factor that regulates SSC self-renewal in a dose-dependent manner, and it is 
essential to culture SSCs in vitro (Meng et al. 2000). To define downstream effec-
tors of GDNF signaling, Oatley and Brinster conducted microarray analysis of 
cultured germ cells. In their study, GDNF was removed and re-added to the cul-
tured cells, and then, microarray analysis was performed at various time points 
to determine GDNF-inducible factors. Six genes responded most dramatically 
to GDNF, which were proposed to be the downstream effectors of GDNF sig-
nals, including Bcl6b, Etv5, Lhx1, Egr2, Egr3, and Tspan8 (Oatley et al. 2006). 
In vitro disruption of Bcl6b with siRNA significantly affects the proliferation of 
SSCs. Moreover, Bcl6b-null mice exhibit the same progressive defect as GDNF-
null mice, further confirming that Bcl6b is a downstream effector of GDNF 
(Oatley et al. 2006). Subsequently, Etv5-knockout mice were generated and 
showed a similar phenotype (Chen et al. 2005). Inhibitor of DNA binding protein 
4 (ID4) is another GDNF-inducible factor. However, ID4 is unique because it is 
exclusively expressed in As cells but not in Apr or Aal cells (Oatley et al. 2011). 
Recently, NONOS2, an RNA-binding protein that is preferentially expressed 
in As and Apr cells, was found to be a downstream effector of GDNF signaling. 
A lack of NANOS2 results in the same phenotype as that of GDNF-null mice, 
whereas NANOS2 overexpression will compensate for GFRα1 depletion in mice 
(Sada et al. 2012). GDNF signals through three pathways to downstream effec-
tors for the promotion of SSC self-renewal, including PI3 K-AKT, SFK, and 
Ras/ERK1/2, which also cross talk with each other (Lee et al. 2007; Braydich-
Stolle et al. 2007; He et al. 2008). Promyelocytic leukemia zink factor (PLZF), 
also known as ZFP145 and ZBTB16, is the first identified intrinsic factor that is 
exclusively expressed in undifferentiated spermatogonia in the testis. Disruption of 
PLZF leads to progressive germ cell loss, indicating the essential role of PLZF in 
SSC maintenance (Buaas et al. 2004; Costoya et al. 2004). The exact mechanism 
of PLZF has not been fully clarified in the maintenance of SSCs, although some 
details have been revealed, which will be discussed below. Oct4, another GDNF-
independent maintenance factor, is also exclusively expressed in undifferenti-
ated spermatogonia in the adult testis. Oct4 disruption in cultured GSCs notably 
reduces both their proliferation and survival rates, suggesting its indispensable role 
in SSC self-renewal (Dann et al. 2008). However, the downstream and upstream 
molecules of OCT4 signaling are almost unknown in SPCs, which require further 
study.
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1.3.2.3  Reversibility and Heterogeneity

Recent studies have proposed that undifferentiated spermatogonia are not uniform 
as previously thought and that morphologically classified SPCs exhibit different 
molecular and biology characters among themselves. At all stages of undifferenti-
ated SSCs (As, Apr, and Aal cells), NGN3 expression can be detected, but there 
are undifferentiated SSCs that are negative for NGN3, suggesting molecular het-
erogeneity among undifferentiated SSCs (Yoshida et al. 2007). Lineage tracing 
under the control of NGN3 expression revealed that most labeled cells are com-
mitted to differentiation, while a very small population are stem cells that account 
for only about 10 % of total SSCs (Nakagawa et al. 2007). Quantitative analysis 
revealed that about 10 % of As spermatogonia are GFRα1 negative, but transplan-
tation has demonstrated their clonogenic ability. In contrast, cells selected using 
GFRα1 show almost no clonogenic ability. In addition, GFRα1 expression is not 
the same among Apr spermatogonia (Grisanti et al. 2009). Taking these evidences 
together, heterogeneity does exist among undifferentiated SSCs. Such heterogene-
ity raises the possibility that there may be more stages among the undifferentiated 
types of SSCs. Morphological classification may be not truly reflect the actual sta-
tus of undifferentiated spermatogonia, and a better classification system combined 
with molecular characters should be developed.

Under normal conditions, the vast majority of NGN3-expressing spermato-
gonial cells are transit-amplifying cells committed to differentiate. However, in 
transplantation assays, a significantly larger number of NGN3-expressing sper-
matogonial cells are clonogenic and contribute to regeneration in lineage tracing 
experiments. This finding demonstrates that in addition to true stem cells, transit-
amplifying cells can revert to SSCs (Nakagawa et al. 2007; Yoshida et al. 2007). 
Nakagawa et al. (2007) referred to this subpopulation as potential stem cells. Such 
a functionally distinct population of undifferentiated spermatogonia possesses the 
potential for self-renewal but do not show this ability in undisrupted testis. Similar 
results have been obtained in two studies showing that c-kit-positive spermatogo-
nia both in vivo and in vitro, which are usually thought to be the differentiating 
subpopulation, are also able to regenerate recipient testis, although with a sig-
nificantly lower ability compared with that of the c-kit-negative fraction (Barroca 
et al. 2009; Morimoto et al. 2009). Considering the existence of potential stem 
cells, transplantation assays may overestimate the number of true SSCs. However, 
estimations of total SSCs at <2000 per testis according to transplantation assays 
are similar to those in a study by Nakagawa et al. (2007) based on the boundary 
of one SSC territory, although this strategy is somehow confusing (Nakaki et al. 
2013; Reizel et al. 2012). It is still unclear whether only some SPCs are revers-
ible or all SPCs are able to convert to SSCs under certain conditions. The former 
possibility may indicate the complexity or heterogeneity of the undifferentiated 
spermatogonia population, while the latter may represent the phenotypic plasticity. 
If heterogeneity is important, a certain phase may mark the undirected differen-
tiation. If there is a certain phase, it might be possible to characterize a molecular 
phenotype that marks the specific point, but no such marker has been revealed thus 
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far. It is also possible that undifferentiated spermatogonia show plasticity and can 
be reversed under certain conditions, such as transplantation and tissue regenera-
tion, which is important for the robustness of the spermatogenesis system.

1.3.3  SSC Niche

In sexually reproductive animals, the SSC niche is the specialized microenviron-
ment that harbors the stem cells and precisely regulates their self-renewal and 
differentiation. In Drosophila and C. elegans, whose gonads are polarized, its 
localization is identified by a specialized somatic compartment that supports the 
stem cells. However, in mammals, this specialized microenvironment has not been 
proposed (Spradling et al. 2001; Yamashita and Fuller 2005). Seminiferous tubules 
are comprised of basal and adluminal compartments separated by tight junctions 
among Sertoli cells, and all spermatogonia lie in the basal compartment. Together 
with morphological research showing that SSCs are situated on the basal mem-
brane, we can speculate that the SSC niche must be located somewhere adjoining 
the basal membrane in the basal compartment. Sertoli cells and the basal mem-
brane composed of peritubular and extracellular matrix provide the structural 
basis for the SSC niche. However, no report has shown the functional difference 
of sertoli cells and the basal membrane, suggesting that these two components are 
not the main factors that dictate the location of the SSC niche (Wang et al. 2013). 
Another factor must maintain the SSC niche, which is probably derived from 
interstitial cells. Oatley et al. (2009) reported that cultured thy1+ germ cells are 
enriched for colony-stimulating factor 1 receptor (Csf1r), and the addition of col-
ony-stimulating factor 1 (Csf1) greatly enhances the self-renewal of SSCs, but not 
the total germ cells, as confirmed by transplantation assays (Oatley et al. 2009). 
Csfr1 is expressed by Leydig cells that are not evenly to distributed in the interstit-
ium of seminiferous tubules, suggesting that interstitial cells, such as Leydig cells, 
may contribute to the formation of the SSC niche. Yoshida et al. (2007) showed 
that undifferentiated spermatogonia are more likely to reside within the area that 
the vasculature goes through in the seminiferous interval using time-lapse imag-
ing of green fluorescent protein. This result suggests that the SSC niche is located 
in this area because SSCs are a subpopulation of undifferentiated spermatogonia. 
Moreover, an alternate pattern of the vasculature system leads to rearrangement of 
the undifferentiated spermatogonia, which further confirms the vasculature-asso-
ciated niche location (Yoshida et al. 2007). Despite the association of the vascula-
ture and Leydig cells, the true location of the niche is still under debate owing to 
the lack of specific SSC markers (Fig. 1.4).

It is thought that the number of SSC niches decides the potential SSC number. 
Therefore, it is important to reveal which factors influence the number of niches. 
Ectopically expressed human GDNF in mouse sertoli cells results in a dramatic 
increase of SSCs in the testis, indicating that high GDNF levels may increase the 
number of SSC niches (Yomogida et al. 2003). Oatley et al. (2011) found that the 
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number of SSCs is possibly dictated by the number of Sertoli cells that secrete 
GDNF. A threefold increase in the number of colony-forming cells in seminifer-
ous tubules of recipient mice occurs after transplantation of SSCs from PTU-treated 
mice with an increased number of sertoli cells at puberty compared with that in nor-
mal mice. Furthermore, PTU-treated mice exhibit threefold more accessible niches 
than that in normal mice with normal sertoli cells. In addition, they found that 
expansion of the niche number is influenced by neither the vasculature nor the inter-
stitial cell populations (Oatley et al. 2011). SSC numbers are strictly regulated by 
GDNF in a dose-dependent manner. Overexpression of GDNF results in accumu-
lation of SSCs, and heterozygous mutants show depletion of germ cells including 
SSCs (Meng et al. 2000). Follicle-stimulating hormone (FSH) upregulates GDNF 
and during testis damage. GDNF expression is increased possibly through FSH to 
maintain a normal number of SSC niches (Tadokoro et al. 2002). Other factors, 
such as Sin3A and RA, may also affect the niche number. Germ cells transplanted 
into RA-deficient mice show less colony formation, whereas mice with sertoli cells 
lacking Sin3A show germ cell depletion (Payne et al. 2010; McLean et al. 2002).

The study of the niche has been difficult owing to the complicated three-dimen-
sional structure of seminiferous tubules in vivo. Developing a three-dimensional 
culture system may provide a possible strategy to solve this problem. Using the 
testicular cells of infertile mice as feeder cells, Kanatsu-Shinohara et al. (2012) 

Fig. 1.4  A brief outlook of niche structure
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reconstructed the SSC niche to some extent in a culture system, and the cultured 
SSCs migrated beneath the sertoli cells and formed cobblestone colonies. In this 
system, they found that the chemokine CXCL12 contributes to the SSC homing 
efficiency. Another study from Yokonishi and colleagues demonstrated that disso-
ciated testicular cells are able to aggregate in suspension culture and form semi-
niferous tubules after transfer and culture on the surface of an agarose gel. When 
cultured GSCs were added to this autoreconstructed system, the GSCs differenti-
ate before the meiotic phase (Yokonishi et al. 2013). This autoreconstruction of 
testicular cells is extraordinary and may be of great value for in vitro study of the 
niche.

1.3.4  Fate Decisions of SSCs

SSC self-renewal and differentiation must be sophistically balanced to main-
tain normal spermatogenesis and avoid tumorigenesis. When the balance shifts to 
self-renewal, there is accumulation of stem cells and decreases in the number of 
developed germ cells. In contrast, when the balance shifts to differentiation, main-
tenance defects will occur, eventually leading to infertility. This effect is best illus-
trated by paracrine regulation of GDNF secreted by sertoli cells. Meng et al. (2000) 
developed two transgenic mouse strains: one with overexpression of GDNF and the 
other with heterozygous ablation of GDNF. All transgenic mice showed decreased 
germ cell development and reduced fertility, and some even showed infertility. 
Mice overexpressing GDNF under the control of the promoter of testis-specific, 
human translation elongation factor showed larger clusters of spermatogonia, indi-
cating accumulation of undifferentiated spermatogonia. Moreover, as the mice 
aged, these clusters grew larger and began to invade into the interstitium, and most 
of the mice generated non-metastatic tumors after 1 year of age. Through BrdU 
incorporation and apoptosis staining, they found no marked enhancement in the 
total proliferation rate. Thus, it was inhibition of differentiation rather than hyper-
proliferation that was responsible for the SSC accumulation. In GDNF+/− mice, 
although most were fertile, the depletion of germ cells increased with age and 
eventually resulted in only Sertoli cells in seminiferous tubules, indicating a main-
tenance defect of SSCs (Meng et al. 2000). This dose-dependent effect highlights 
the importance of precise regulation of GDNF and the role of GDNF in SSC fate 
decisions. GDNF is the ligand for co-receptors GFRα1/Ret, and its binding is able 
to activate several intrinsic signaling pathways such as PI3K/AKT/MEK and Src 
(He et al. 2008; Braydich-Stolle et al. 2007; Oatley et al. 2007). Many downstream 
transcription factors have been revealed, such as Bcl6b, Etv5, NANOS2, and ID4 
(Oatley et al. 2006, 2011; Sada et al. 2009, 2012). Knockout or overexpression of 
these transcription factors have been performed in mice, confirming their indispen-
sable roles in SSC maintenance. In addition to the most important extrinsic factor 
(GDNF), FGF2 and CSF1 play a role in SSC self-renewal, but not in the balance 
between self-renewal and differentiation (Oatley et al. 2009; Ishii et al. 2012).
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An important intrinsic factor that regulates SSC fate is the transcriptional 
repressor Plzf. Ablation of Plzf leads to progressive germ cell loss due to exhaus-
tion of the SSCs. One possible mechanism has been proposed by Filipponi et al. 
(2007). They revealed that Plzf directly binds to the promoter region of the kit 
gene, a character of spermatogonia differentiation, thus repressing the expression 
of kit, the SCF receptor (Filipponi et al. 2007). By inducing Redd1 expression, 
Plzf can oppose with mTORC1 whose hyperactivity leads to stem cell exhaus-
tion. Through activation of PI3 K/AKT signaling, mTORC1 activates as a down-
stream effector. However, activation of mTORC1 suppresses the expression of the 
GDNF co-receptor GFRα1/Ret, which in turn inhibits GDNF signaling for SPC 
self-renewal. In the absence of Plzf, excessive amounts of GDNF are able to pro-
mote SPC self-renewal. Thus, the fate of SPCs is controlled by cross talk between 
Plzf-Redd1-mTORC1 and AKT/PI3K-mTORC1 signaling pathways in which 
mTORC1 plays the central role. The addition of rapamycin, a specific inhibitor 
of mTORC1, to Plzf−/− cultured GSCs restores expression of the receptor and 
partly rescues the GDNF signal (Hobbs et al. 2010). Another study from the same 
group revealed that Plzf–Sall4 antagonism decides the fate of SPCs. Sall4, a zing-
finger transcription factor, restricts Plzf to non-cognate chromatin domains and 
induces the expression of the differentiation factor kit. In turn, Plzf opposes Sall4 
functions and induces Sall1 expression. In vitro treatment of GSCs with RA, an 
indispensable extrinsic factor for initiation of differentiation, downregulates Plzf 
expression and increases the number of kit-positive spermatogonia. Though Sall4 
transient upregulation in vivo, this change is accompanied by increasing numbers 
of kit+ spermatogonia (Hobbs et al. 2012). Considering the importance of Plzf 
in SSC fate decision, it is crucial to determine the regulatory mechanisms of Plzf 
expression. Identifying such factors will greatly enhance our understanding of the 
mechanisms of SSC fate decisions.

1.4  Perspectives

The expression profiles of undifferentiated spermatogonia involved in self-renewal 
and differentiation have been gradually revealed during the last few decades. 
However, there are no specific molecular markers that are unique to the subpop-
ulation with both self-renewal and commitment abilities. Id4 may be a potential 
marker because it is the only identified molecule that is exclusively expressed 
by some As cells (Oatley et al. 2011). Identifying such molecules will greatly 
improve our understanding of fate decisions. It is still unclear whether there is a 
stage that marks the irreversibility of spermatogonia or whether it is the biological 
plasticity that leads to the heterogeneity among undifferentiated spermatogonia. 
Clarification of these aspects may change the current model of SSC development.

Development of a three-dimensional culture system for SSCs is another future 
challenge. In vivo studies have been difficult owing to the complex microenviron-
ment. However, a three-dimensional SSC culture system will greatly facilitate niche 
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studies. An in vitro culture system that supports the entire differentiation process 
and is able to produce haploid germ cells would be a useful tool. In vitro culture 
of SSCs has resolved the problem of rarity, but only establishment of an in vitro 
differentiation system will realize clinical applications. Dann et al. (2008) reported 
that expansion of cultured GSC with RA increases the number of germ cells posi-
tive for kit. However, they also noted premature meiosis and incomplete differen-
tiation (Dann et al. 2008). Sato and Katagiri (2013) developed an organ culture 
system that supports all differentiation stages. Mature sperm can be obtained using 
this system, and in vitro fertilization has generated offspring (Sato et al. 2013). 
Nevertheless, this system still depends on testis organ fragments, thereby limiting 
its application to clinical use. Transplantation of rat or hamster SSCs into mouse 
testes results in exogenous spermatogenesis, which indicates conservation among 
species (Ogawa et al. 1999). Combining organ culture with xenogeneic testis cul-
ture is possible to fully support spermatogenesis, which needs further validation.

The signaling network that promotes SSC self-renewal and differentiation 
remains largely unknown. Microarray and transgenic mouse analyses have pro-
vided many potential genes that are important for SSC maintenance and differ-
entiation, such as PHF13, SALL4, CDH1, and OCT4, but their exact roles have 
not been clarified (Tokuda et al. 2007; Gassei and Orwig 2013; Bordlein et al. 
2011). As previously mentioned, the upstream molecules of Plzf remain unknown. 
Clarification of such networks will provide a better understanding of SSC self-
renewal and differentiation to easily manipulate SSCs. Rodent SSC culture is effi-
cient, but the culture of SSCs from other species is difficult (Kanatsu-Shinohara 
and Shinohara 2013). Understanding the molecular networks may improve the cul-
ture efficiency in other species.
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Abstract Application of amnion membrane with multiple bioactive biomaterial 
has over 100 years of history. Amnion membrane- and amniotic fluid-derived stem 
cells mainly included mesenchymal stem cells and epithelial cells. They have spe-
cial morphology and express some of stem cell markers, different immunopheno-
type molecules, and germ layer original protein markers for identification. Amnion 
membrane-derived stem cells may be isolated and purified by using two digestive 
enzymes, with different adherence time and subculture. They may differentiate 
into kinds of function cells of three germ layers in in vitro and in vivo. Amniotic 
fluid-derived and amniotic mesenchymal stem cells not only have the power of 
proliferation and plasticity feature, but also have other functions, such as immu-
noregulation, angiogenic potential, and secretion. Amniotic epithelial cells seem to 
play a more effective role in neuronal damage. The immunoregulation of amniotic 
mesenchymal stem cells is emphasized on effects and the mechanism. The trans-
plantation of amnion membrane- and amniotic fluid-derived stem cells, and engi-
neered seed cells generate significant therapeutic actions on regeneration of tissue 
or organ injury and autoimmune diseases, etc. Although the safety and effective-
ness still need further investigations, amnion membrane, amnion membrane- and 
amniotic fluid-derived stem cells have been shown a broad application prospect. 
The mesenchymal stem cells are considered as available sources of regenera-
tive treatment. As adult mesenchymal stem cells, are generally derived from the 
mesoderm, such as bone marrow, umbilical cord blood, adipose, amnion, amniotic 
fluid, Wharton’s jelly, and mobilizing peripheral blood. They have multipotent dif-
ferentiation capacity and can be differentiated into various cell types, except for 
self-renewal. Many studies have demonstrated that the stem cells identified from 
amniotic membrane and amniotic fluid are shown to have advantages for many 
reasons, including the possibility of noninvasive isolation, low immunogenicity, 
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abundant sources, anti-inflammatory and non-tumorigenicity properties, and mini-
mal ethical problem (Ilancheran et al. in Placenta, 30:2–10, 2009; Wolbank et al. 
in Tissue Eng, 13:1173–83, 2007; Ilancheran et al. in Biol Reprod, 77:577–588, 
2007; Wolbank et al. in Tissue Eng Part A, 15:1843–1854, 2009; Moodley et al. in 
Am J Respir Crit Care Med, 182:643–651, 2010).

Keywords Amnion membrane · Mesenchymal stem cell · Amniotic fluid ·  
Stem cell

2.1  Amniotic Membrane and Amniotic Fluid

Amniotic membrane (AM) is a component of the placenta that originates in the 
extraembryonic tissue and has functions to protect the fetus during pregnancy with 
supplemental nutrients. AM is composed of three major layers (Sippel et al. 2001): 
a single epithelial layer, a thick basement membrane, and an avascular mesen-
chyme. Amniotic fluid (AF) contains a large of heterologous cell population from 
different tissues of all three germs, while mainly derived from AM, fetal skin, 
fetal digestive tract, respiratory tract, and urethra cast-off cells of the developing 
embryo, and so on. Currently, the treated human AM is widely used as biomaterial 
for clinical treatment (see Table 2.1) (Feng and Yu 2014). Because it has the ability 

Table 2.1  Clinical application of amniotic membrane

Origin form Application Advantage Defect

Fresh, cryopre-
served, or freeze-
dried AM, as 
surgical dressing

Eyelid and skin burn, 
wound, ulcer, skin 
coloboma

Powerful anti- 
inflammatory, anti-
biosis, anti-infection, 
immunoregulation, and 
barrier function

Closely plying-
up with tissue 
to replace with 
difficulty

Fresh AM, as tis-
sue graft or surgi-
cal dressing

Corneal injury, tympa-
noplasty, vestibuloplasty, 
angioplasty, urinary tract 
reconstruction

Secrete active sub-
stance, keep long time 
for drug release

Activity is 
decreased after 
preservation

Fresh AM, as 
AM-derived cells 
or engineered 
tissue

Cell therapy (type 1 
diabetes), engineered 
tissue as artificial skin, 
engineered osseous and 
blood vessel, spinal cord 
injury (preclinical animal 
studies)

Absorbability and plas-
ticity, a host material 
of natural biological 
membrane structure is 
beneficial to cell adher-
ence and growth

Potential ethical 
issue

Fresh or freeze-
dried AM, as 
biomaterial, tissue 
graft, trestle, nerve 
conduit

Gastroschisis, post-
natal sternal repair, 
myelomeningocele, 
Mayer-Rokitansky-
Kuster-Hauser syndrome

Prevention of adhe-
sion, abroad origin, 
low immunogenicity, 
no tumorigenicity for 
autograft or allograft

Need to eliminate 
pathogenic micro-
organism infection 
and hereditary 
disease
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to produce scarring reduction, and antiangiogenic and anti-inflammatory proper-
ties, the AM is generally known as tissue engineering material for therapy of seri-
ous burns, skin, and corneal transplantation (Luo et al. 2004; Fairbairn et al. 2014; 
Fan et al. 2006; McGhee and Patel 2011; Mi et al. 2012; Shimazaki et al. 2002). 
Many studies have demonstrated that a lot of amniotic mesenchymal stem cells 
(AMSCs) and amniotic epithelial cells (AECs) are derived from AM. They are 
what is called AM-derived MSCs and AM epithelial cells, and they have power-
ful self-renewal and pluripotency (Ochsenbein-Kölble et al. 2003; Miki and Strom 
2006; In’t Anker et al. 2003). AM also is an important source of stem cells.

AF exists in bag of waters. Along with fetal development, the bag of waters 
is gradually filled with AF. AF contains water, protein, carbohydrate, lipid, fetus 
urine, and electrolyte composition (Westgren et al. 1995). The volume and ele-
ment all come up with unceasing changes following fetal development. Human 
AF was formed at 2 weeks after fertilization in the amniotic cavity of early gesta-
tion. During pregnancy, AF is secreted mainly as a result of active transport of 
sodium and chloride, which is accompanied by transport of water through the 
chorio-AM and embryo’s skin, as well as some of protein molecules. The pro-
duction of urine and respiratory fluid both contributes to the volume of AF. AF is 
important to keep the fetus safe, and it supports organ development. The average 
volume is increasing from 270 to 400 ml at week 16 and week 20 of pregnancy. 
From weeks 15 to 20 of pregnancy, AF cells are routinely used to evaluate karyo-
typing and they are genetic and molecular tested for prenatal diagnostic testing 
(Bocian 2007). The human AF has been proposed as a source of stem cells. One 
of the adherence and shuttle cells is termed human amniotic fluid–derived MSCs 
(AF-MSCs), which were more studied on biological characteristics and therapeu-
tic uses. Furthermore, there are also multidirectional differentiation potential stem 
cells in AF. Many studies have identified that human AF has been proposed as a 
source of stem cells. The adherence and shuttle AF-MSCs are like bone marrow 
or AM-derived MSCs. AF-MSCs also are extensively studied on biological char-
acteristic and therapeutic bases (Tsai et al. 2007; Zheng et al. 2008; Lovati et al. 
2011; Zhou et al. 2014).

2.2  Isolation and Culture

AMSCs, AECs, and AF-derived stem cells (AFSCs) express some of stem cell 
protein makers, some of immune molecules and have biological function of stem 
cells. Many methods have been established that a lot of AMSCs, AECs, and 
AFSCs can be isolated and successfully cultured. These cells have stem cell char-
acteristics and differential growth features.



32 L. Yu

2.2.1  AMSCs and AECs

AM usually was discarded after delivery. Human and the other animal AM col-
lection can be obtained via normal delivery without the use of invasive method-
ologies. To prevent contamination and damage to the tissues, AM samples were 
collected immediately after parturition using sterilized surgical equipment. The 
collected placenta samples were stored at 4 °C and transported to the laboratory 
as quickly as possible. The AM is mechanically peeled away from placenta or 
allantois. The collected amniotic membrane is washed with 0.9 % normal saline 
three or four times under sterile conditions to remove debris and blood. After 
washing, the AM is minced with a surgical blade and scissors. The minced tis-
sue was digested and gently shaken at 37 °C for approximately 3–4 h with col-
lagenase type I or 20 min with 0.05 % trypsin–0.02 % EDTA-2Na for three 
times (Filioli Uranio et al. 2014; Miki et al. 2005). Amnion digests will be then 
filtered through a micron nylon mesh and centrifuged for the collection of AECs 
(see Fig. 2.1). These AECs will be washed and suspended in Dulbecco-modified 
essential medium (DMEM) with 10 % heat-inactivated fetal bovine serum (FBS). 
After digestion, the supernatant will be mixed with an equal volume of DMEM 
with 10 % FBS and centrifuged. The pellet will be resuspended with DMEM. 
Remaining amnion trypsin digests will be treated again. This process was repeated 
three times. AECs will be collected and pooled with the previous cell suspen-
sion. AECs will be cultured in low-glucose DMEM and then supplemented with 
10 % heat-inactivated fetal bovine serum, 10 ng/ml human epidermal growth fac-
tor, 100 UI/ml penicillin, and 100 μg/ml streptomycin for culture. Additive may 
be included in nonessential amino acid, β-mercaptoethanol, and sodium pyru-
vate. Cell cultures are usually used at passages 2 and 5 for experiment (Zhao et al. 
2012). Human AECs have a short life, but could be established the immortalized 
human AECs by introducing with viral oncogenes E6/E7 and with human telomer-
ase reverse transcriptase.

The remaining fragments will be digested with 0.75–0.94 mg/ml collagenase II 
and 0.075 mg/ml or 20 mg/ml DNase I for 1–3 h at 37 °C with 200-rpm shaking 
(Yao et al. 2013a). Amnion fragments will be then removed, mobilized cells were 
passed through a 100–300-µm cell strainer and collected by centrifugation at 400 g 
for 10 min. As reported above, these cells are referred to as human AMSCs (see 
Fig. 2.1). AMSCs at different passages are more than freshly isolated cells that 
will be plated at a density of 5 × 105 cells/ml to 1 × 106 cells/ml. Upon reaching 
about 80 % confluence, adherent cells will be trypsinized and then subcultured at 
a density of 1 × 105 cells/ml until passages 10 (Han et al. 2008), at least pas-
sages 22–24. The cell samples will be washed in phosphate-buffered saline and 
centrifuged at 350 or 400 g. The cells will be cultured in L-DMEM containing 
10 % fetal bovine serum or umbilical cord blood serum with basic fibroblast 
growth factor (bFGF) 4–10 ng/ml or umbilical cord blood serum supplemented 
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with 1 % penicillin (100 UI/ml), streptomycin (100 μg/ml) or 0.25 mg/ml ampho-
tericin B, with 2 mmol/L L-glutamine (Zhang et al. 2007). These cells cultured 
in a humidified atmosphere with 5 % CO2. The culture medium will be changed 
every 3–5 days in primary culture and passaged after reaching 80 % confluency 
after trypsin digestion and centrifugation. The cell pellet was resuspended in com-
plete culture medium. The cells will be cultured in a humidified atmosphere with 
5 % CO2. The basal culture medium was changed three times a week and passaged 
after reaching 80–90 % confluency. AMSCs were purified by differential adhe-
sion and subculturing (Alviano et al. 2007). Literatures reported that AMSCs were 
cryopreserved after passage 3 in 50–90 % fetal bovine serum and dimethyl sulfox-
ide or protein-free cryopreservation for human mesenchymal stem cells (MSCs). 
These AMSCs were used for basic cytobiological and cell therapeutic researches.

Fig. 2.1  The isolation, culture, and identification of AMSCs and AECs. The AM was peel off 
placenta, and then AMSCs and AECS were isolated by trypsin, collagenase II and DNAse I 
digestion. Two kinds of diAM-derived stem cells were identified by immunohistochemical stain-
ing, morphology, and flow cytometry. AMSCs are fusiformis and vimentin positive, but AECs are 
like flagstone and CK19 positive
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2.2.2  AFSCs

Mesenchymal stem cells from amnion and AF are successfully isolated and cul-
tured from human, as well as from the bovine. The isolation of AFSCs is a simpler 
process than isolation of AECs and AMSCs. After patients received detailed infor-
mation, each participant gave her written informed consent. Two or three millilit-
ers of amniotic fluid samples was obtained from 16- to 19-week pregnant women 
who underwent amniocentesis for fetal genetic determination in routine prenatal 
diagnosis (Tsai et al. 2004). Large numbers of AFSCs can be isolated by centri-
fuging the samples at 250–400 g for 10 min at room temperature and expanded in 
cultured condition. Cell samples will be used only when a normal karyotype was 
detected by the cytogenetic analysis. These cells proliferate rapidly with doubling 
times of 30–36 h and do not require supportive feeder layers for many passages, 
while maintaining chromosomal stability. AFSCs are cultured in serum-free cul-
ture medium or 10 % fetal bovine serum L-DMEM, or L-DMEM: F12 medium 
or α-minimal essential medium (α-MEM), supplemented 10 ng/ml EGF and 
2 mmol/L L-glutamine in a humidified incubator at 37 °C with 5 % CO2 (Ghaderi 
et al. 2011; Yang et al. 2013; Li et al. 2006). Culture medium was changed once 
every 3–5 days, suspension cells will be wiped off, and fibroblast-like colony will 
be scraped using cell scratcher. Suspension cells 4 × 104 cells/ml will be prepared 
and cultured by complete medium. Alternatively, AF-MSCs, a kind of shuttle cells 
of adherence, can be cultured in medium with 4–10 ng/ml bFGF until 70–80 % 
confluency in primary culture (Liu et al. 2009), and then, depurative cells will be 
continuously cultured by different adherence as passage 2 to 3. The AF-MSCs 
will be routinely subcultured every three days at 1:3 or 1:4 dilution and allowed 
to expand in complete medium. Cells usually will be maintained in culture for up 
to 4–8 passages and used for all the experiments. The pregnant metaphase AFSCs 
may be amplified at 1–5 × 1012 cells/ml at the tenth generation from 20 to 40 ml 
AF. AF cell is not only used for prenatal diagnosis, but also as another source for 
stem cells of fetus. AFSCs also will be isolated and purified by immunomagnetic 
bead method and flow cytometry sorting. CD117-positive cells are one of sort-
ing method by immunomagnetic bead method (Chen et al. 2009). MSCs from the 
amniochorionic membrane will be extracted using the markers CD34−, CD45−, 
CD73+, CD90+, CD105+, and CD29+ at the fluorescence-activated cell sorting 
analysis. The vitrification is a reliable and effective method for cryopreservation of 
human AF-MSCs (Moschidou et al. 2013).

Oxygen is a potent biochemical signaling molecule which exerts significant 
effects on the growth and development of mammalian cells. The state of hypoxia 
is cell-type dependent and affects critical cellular processes, such as proliferation, 
differentiation, adhesion, apoptosis, metabolism, extracellular matrix secretion, 
and growth factor expression. It has been demonstrated that hypoxic precondi-
tioning of MSCs can reduce hypoxia-induced cell death, which is caused by the 
paracrine activity of MSCs. Hypoxia (1 or 5 % O2) similarly not only increases 
the proliferation of AF-MSCs, but also maintains their constitutive characteristics 
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(surface marker expression and differentiation potentials). Notably, more paracrine 
factors, vascular endothelial growth factor, and transforming growth factor beta 1, 
will be secreted into hypoxic conditioned medium from AF-MSCs than normoxic 
conditioned medium (Jun et al. 2014).

These cells may be cryopreserved, and the cell viability of revived cells is 
higher. The surface makers and multidirectional differentiation potential also are 
not affected. Therefore, ASCs, AECs, and AFSCs are suitable for large-scale cul-
ture and reservation (Janz Fde et al. 2012). Compared to other stem cells, amniotic 
cells and AFSCs can be easily collected during routine prenatal testing, and the 
AM can also be obtained during cesarean section after birth. These isolation meth-
ods are noninvasive progress without destroying human embryos and thus avoid 
ethical controversy the most.

2.3  Identification and Characterization

Among extrafetal tissues, recently, AM appeared to be an important stem cell 
source in different species, and AM-MSCs have been isolated and characterized 
in different species, including the human, horse, sheep, dog, rat, and cat (Marcus 
et al. 2008). AECs have been found only in humans, horses, and sheep. Human 
MSCs from AM or AF represent a population of multipotent adherent cells able 
to be differentiated into many lineages. The AMSCs can differentiate into all three 
germ layers for ectodermal, mesodermal, and endodermal lineage cells. They are 
positively expressed mesenchymal markers, such as CD44, CD73, CD29, CD105, 
and CD90, and negatively expressed hematopoietic markers, as CD34, CD45, 
CD11b, CD19, and human leukocyte antigen (HLA)-A, HLA-B, and DR anti-
gens (Kim et al. 2007) (see Table 2.2 and Fig. 2.2). In addition, the AM expresses 

Table 2.2  Comparison of biomarker proteins with AM- and AF-derived stem cells

Antigens Expression

ASCs AECs AF-MSCs

Mesenchymal stem cell markers

CD13 + +
CD44 ++ ± ++
CD73 ++ + +
CD71 −
CD90 ++ ++ +
CD105 ++ ++ ±
Haematopoietic stem cell markers and immunoreactions moleculars

CD34 − − −
CD45 − − −

(continued)
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− negative expression; ± low expression; + moderate expression; ++ or +++ high expression

Antigens Expression

ASCs AECs AF-MSCs

CD133

CD14 ± −
CD19 − −
CD11b −
CD117 −
HLA-DR − − ±
HLA-A ± + ±
HLA-B ± + ±
HLA-C ± + ±
HLA-G ++
CD40 ± +
CD40L ± ±
CD80 ± ±
CD86 ± ±
Somatic stem cell markers

CD24 +
CD29 ++ ++ +
CD49d + −
CD49f ++
CD271 +
CD166 + +
CD146 ++
Vimentin ++ −
CK19 − ++ −
E-cadherin ± ++
Nestin ++
Stem cell markers

Oct4 + ++ +
SOX-2 + ++ ++
SSEA-3 + ++ −
SSEA-4 + ++
Nanog + ++ ++
c-myc + +
Klf4 ++ ++
TRA1-60 + + −
TRA1-81 + ++ −

Table 2.2  (continued)
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antiangiogenic and anti-inflammatory proteins. A lot of results show that the 
AMSCs are very important for advanced regenerative medicine, because inflam-
matory regulation and low immunogenicity remain indispensable factors, despite 
the pluripotent marker expression of AM-MSCs, such as Oct-4, Nanog, TRA-1-
60, and TRA-1-81 (Miki et al. 2007; Yu et al. 2012). Human AECs have a low 
immunogenic profile and possess potent immunosuppressive properties and also 
have several characteristics similar to stem cells. They do not express CK-19 pro-
tein and do not form teratoma (Bilic et al. 2008). The cultured human AECs from 
P0 to P4 expressed and downregulated the stemness gene expression for Oct-4, 
Sox-2, Nanog3, FGF4, Rex-1, FZD-9, BST-1, and ABCG2. However, vimentin 
and nestin gene expression were upregulated (Simat et al. 2008).

Immunological rejection after therapy does not occur in the AM, and the cells 
are derived from AM and AF. For these reasons, AM and AM-derived stem cells 
might be useful sources for cell transplantation and tissue engineering for regen-
erative and autoimmune diseases with fewer ethical problems. After AMSCs are 
cryopreserved in 40 % FBS and 10 % DMSO with 50 % α-MEM culture medium, 
biological characteristics of revived AMSCs had no remarkable change, such as 
morphology, vitality, CD molecules, growth curve, cell cycles, and Oct 4 protein 
(Mann et al. 2013; Wang et al. 2012).

AF cells can be used as a source of fetal progenitor cells or otherwise discarded. 
Research results showed that AFSCs express embryonic stem cells-specific mak-
ers. AF- and AM-MSCs are same as bone marrow MSCs sharing similar mor-
phological characteristics of the fibroblastoid shape. They possess the  feature of 
adherence growth. After subculturing, the morphological change did not occur in  

99.23%

1.54%

99.73%

70.32%76.80%

Fig. 2.2  Phenotypic analyses of human AMSCs by flow cytometry. Human AMSCs of passage 
5 expressed positive CD44, CD90, CD150, and CD73, but negative CD45, CD34, CD11b, CD19, 
and HLA-DR by using human MSC identification kit from BD Biosciences
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fitting culture conditions. The growth curves showed the AM, and AF-MSCs had a 
similar proliferative capacity at passage 5 and passage 10. These cells  have kept the 
length and activity of telomerase. The surface markers, karyotype, cell cycle, and 
apoptosis all do not change between passage 5 and passage 25 in subculture. The 
use of AFSCs could minimize the ethical objections as well. AF-MSCs have easy 
isolation, a high renewal activity, and maintenance stability. Oct-4, Nanog, SSEA-4, 
and SOX2 are all important regulation molecules on pluripotency and self-renewal. 
AFSCs also express MSC makers: CD29, CD44, CD58, CD73, CD90, CD105, 
CD117, and CD166. They are positive for major histocompatibility complex I class 
(MHC I) molecular antigen HLA-A, HLA-B, and HLA-C, but were negative, or 
mildly positive, for MHC class II antigen HLA-DR. And CD34, CD45, ABCG2, 
C-MET, SSEA-1, SSEA-3, TRA-1-60, and TRA-1-80 expressions are negative (see 
Table 2.2) (Rossi et al. 2014; Chen et al. 2011). The protein markers of AM- and 
AF-derived stem cells are analysed by flow cytometry, immunocytochemistry and 
immunofluorescence staining.

AMSCs express some of moderate stemness markers (FGF-2, LIF, Nanog, 
etc.), important signal molecules for stem cell maintenance and Wnt and Notch 
self-renewal genes, CD44-specific mesenchymal original markers and higher cell 
adhesion molecules and cell cycle regulators, and low differentiation markers 
after cultured passage 4–5, but did not express TERT gene by gene chip test, etc. 
(Terai et al. 2014). Furthermore, AF-MSCs enable to be use of autologous cells 
obtained from patients’ tissues. Moreover, they maintain genetic stability and offer 
advantages of non-tumorigenicity and low immunogenic activity. These findings 
show that AF-MSCs are being considered as potential sources of treatment with 
diseases.

2.4  Function Features

2.4.1  Plasticity In Vivo

AM- and AF-derived stem cells show high proliferative capacity in culture and 
multilineage differentiation potential. This multipotential differentiation capabil-
ity of these stem cells can be utilized for giving rise to a variety of differentiated 
cell types for tissue repair and regeneration. AMSCs, AECs, and AF-MSCs were 
seeded in special culture for differentiation studies (Miki and Strom 2006; Saito 
et al. 2012). When cultured in osteogenic medium, these stem cells displayed a 
significant increase in alkaline phosphatase activity and mRNA expression, 
Alizarin red S staining, and Runx2 mRNA expression (Kim et al. 2013). While 
maintaining in an adipogenic culture medium, these cells gave a time-dependent 
increase in PPARγ and FABP4 mRNA expression, glycerol-3-phosphate dehy-
drogenase activity, and positive lipid droplets to Oil Red Oil staining (Vidane 
et al. 2014). These results confirm that they can differentiate toward osteogenic 
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and adipogenic phenotypes. Chondrogenic and neurogenic differentiations were 
assessed as previously reported. Chondrogenic was demonstrated by Alcian blue 
staining and neurogenic by conventional Nissl staining, which showed increasing 
ribosomes, and nerve cell shape was observed microscopically (Manochantr et al. 
2010). Pleiotrophin is involved in the AEC-induced differentiation into dopaminer-
gic neuron-like cells. Monolayer cultured human AMSC cell is differentiated into 
chondrocytes for the original cells of cartilage with transforming growth factor-β, 
dexamethasone, vitamin C, and insulin-transferrin-sodium selenite, which indi-
cates that human amnion cells can be used as the seed cell of cartilage. Human 
AECs and AMCs have osteogenon characteristic when 3-glycerophosphate is 
added, which demonstrates that human amnion cells can be the resource of seed 
cells of bone tissue engineering.

The AM- and AF-MSCs were, respectively, seeded on plastic plates precoated 
with matrigel in L-DMEM containing FBS culture medium with 5-azacytidine. 
The differentiation capacities of AM- and AF-MSCs were detected to express 
GATA-4, cardiac troponin T, α-actin, Cx43, and Nkx2.5 genes, as myocardial 
genes after myocardial induction in vitro. Induced AMSCs and AECs all expressed 
desmin and α-actinin proteins after being treated with 5-azacytidine and bFGF or 
5-azacytidine alone. Both human AMSCs and AECs possess the potential to dif-
ferentiate into cardiomyocyte-like cells in vitro (Nagura et al. 2013; Bai et al. 
2012; Han et al. 2011). And they might be candidate for cellular cardiomyoplasty 
for the treatment of heart failure caused by ischemic injury because adult cardio-
myocytes do not regenerate. AF-MSCs also have the potential clinical application 
for myogenesis in cardiac regenerative therapy.

Combined approach of dexamethasone, hepatocyte growth factor, insulin-
like growth factor, and other cytokines were used to induce the differentiation 
of human AECs and AF-MSCs into hepatocyte-like cells (Luo et al. 2011; Choi 
et al. 2013). The shuttle shape of AM- or AF-derived MSCs changed into polygon. 
The liver-like cells show changes on stem cell biomarker genes and liver cell spe-
cial protein, the latter as the mRNA expression of alpha fetal protein, hepatocyte 
growth factor receptor the latter C-met, hepatocyte nuclear factor-3β, cytokera-
tin-18, expression of hepatic microsomal enzyme in vitro and in vivo. The dif-
ferentiated cells also developed hepatocyte-specific functions, i.e., they secreted 
albumin, absorbed indocyanine green, and stored glycogen (Liu et al. 2011; 
Tamagawa et al. 2007; Miki et al. 2009). In the near future, coculture without 
contact of human AMSCs and normal human liver cell line also can successfully 
induce AMSC differentiation into liver-like cells.

After induction in vitro, AMSC is differentiated into neural stem-like cells that 
expressed higher levels of the neural stem cell markers, Nestin, Sox2, and Musashi. 
Interestingly, the neurotrophic factors, brain-derived neurotrophic factor, nerve 
growth factor, neurotrophin 3, glial cell-derived neurotrophic factor, and ciliary neu-
rotrophic factor were markedly upregulated (Yan et al. 2013). AF-MAC-induced 
functional dopaminergic neuron-like cells in vitro showed increased activity in 
regeneration of dopaminergic neuron-like cells, increased migration distances, and 
improvement of animal behavior in the Parkinson’s disease rat model (Liu et al. 



40 L. Yu

2011). Following transplantation in a rat traumatic brain injury model, AECs showed 
significant improvements on neurological function and brain tissue morphology. 
Human AMSCs and AECs not only expressed neuron-specific enolase, neurofila-
ment, glial fibrillary acidic protein, β-tubulin-III, microtubule-associated protein, and 
neuronal nuclei, but also the level of dopamine is rised at mean value in medium 
with all-trans retinoic acid (Chang et al. 2010). Human and sheep AECs can trans-
form the neuron-like cell or neurons by coculture with traumatic brain tissue extracts 
or in conditional medium. Though AEC proliferation is not significant, the AECs 
cultured by low cell density survive more easily. Human AECs were induced to dif-
ferentiate into neurocytes by using chemical inducer all-trans retinoic acid and astra-
galus, but astragalus induction has a higher cell survival rate, and the expression of 
Notch1 signal molecules is inhibited during the induction (Zhu et al. 2013; Chen and 
Wang 2012).

Human AMSCs and AECs may be induced to differentiate into insulin-
secreting cells in nicotinamide and N2 supplement medium. The induced ratio of 
insulin-positive cells or islet-like cells was above 70 %. The contents of insulin 
were 328.47 and 331.60 µIU/ml in the supernatant of cultured AMSCs and AECs, 
respectively (Peng et al. 2011; Zhao et al. 2012). This suggests that human-derived 
stem cells might become a new cell source of therapy for diabetes. The vascular 
endothelial cells were induced, when human AMSCs and AECs were cultured in 
DMEM with vascular endothelial growth factor and basic fibroblast growth factor. 
The CD34, CD54, and CD31 expressions of cultured AECs in induced medium 
with high and low glucoses showed no difference. However, the CD54 expres-
sion of AMSCs cultured in induced medium with high glucose was much lower 
than low-glucose DMEM. AMSCs have an angiogenic potential. These data sug-
gest that human amniotic cells might become a seed cell of angiogenesis in tissue 
engineering and could become an alternative cell resource for repair of vascular 
injuries (Warrier et al. 2012). In addition, calcium-sensing receptor is a G-protein-
coupled receptor able to bind calcium ions and plays a physiological role in reg-
ulating bone metabolism. Its agonist calcimimetics can prompt osteogenesis in 
AF-MSCs, perhaps being used in bone traumatic and degenerative damage (Di 
Tomo et al. 2013). AECs as an ideal stem cell resource for the cell replacement 
therapy, transplanted into the injured submandibular salivary gland in salivary 
gland dysfunction diseases. Notably, identification of GFP-labeled AFSCs and 
immunostaining with antihuman antigen-specific antibodies demonstrated that 
grafted human AFSCs survived and differentiated into granulosa cells during 
oocyte development in chemotherapy-induced sterility (Lai et al. 2013). Human 
AFSCs seem to be a good candidate for cell reprogramming in embryonic stem 
cell conditions with valproic acid administration, a transgene-free approach, and 
they are more efficiently reprogrammed to pluripotency than adult cells, as skin 
cells, except for differentiation into chondrocytes and lipoblast, etc. AF stem 
cell-induced pluripotent stem cells were able to form derivatives of the three 
embryonic germ layers, but also of the extraembryonic trophoblast lineage acti-
vating BMP signaling cascades and blocking of TGF-β/Activin/Nodal signaling 
(Moschidou et al. 2013; Li et al. 2009; Galende et al. 2010).
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AECs possess a much greater ectodermal differentiation capacity, while 
AMSCs possess a much greater mesodermal differentiation capacity. Oct4, Nanog, 
and Sox2 are important transcriptional factors on stemness maintenance. But the 
canonical Wnt/ß-catenin signaling pathway appears to trigger human AF-MSCs 
osteoblastogenesis and adipogenic differentiation. The results unravel novel 
molecular determinants of AF-MSC commitment toward osteoblastogenesis, 
which may represent potential targets for improving their use in regenerative med-
icine. Although a plethora of molecules have been identified to have a role in mod-
ulating stem cell fate, the Wnt signaling is recognized as a key regulator of adult 
tissue homeostasis and remodeling through multiple so-called canonical and non-
canonical pathways (D’Alimonte et al. 2013). Flt3, the receptor of Fms-related 
tyrosine kinase 3 ligand, is expressed in AMSCs. Fms-related tyrosine kinase 3 
ligand is able to promote the proliferation of AMSCs effectively in vitro. However, 
the phenotype and ability of AMSCs to differentiate into mesenchymal lineages 
did not change (Li et al. 2014).

2.4.2  Immunomodulation

Human AECs, AMSCs, and AF-MSCs have a low immunogenic profile and pos-
sess potent immunosuppression. AM-derived stem cells have been shown to retain 
immunomodulatory properties and possessed strong inhibition of lymphocyte 
proliferation and survival when transplanted in immunocompetent animals with-
out inducing any tumorigenic effect in vivo. It also inhibits cytokines interleukin 
(IL)-2 and interferon gamma IFN-γ production and suppresses the generation and 
maturation of monocyte-derived dendritic cells, as reported for MSC from other 
sources (Banas et al. 2008; Magatti et al. 2009; Xue et al. 2014). AF-MSCs are 
known to play a role in preventing rejection of the fetus and are thought to have 
low immunogenicity. As needed, AMSCs, AECs, and AF-MSCs could be stored 
and provided immediately for future autologous therapy. The autologous tissues 
made from patient-specific cells could be applied to non-rejected transplantation. 
AM-derived stem cells express human leukocyte antigen G (HLA-G) exposed to 
IFN-γ. The programmed cell death receptor 1 (PD-1, an inhibitory receptor that 
is normally expressed on activated T and B cells), is negative, but programmed 
death ligands 1 and 2 (PD-L1 and PD-L2) are typically upregulated on the AM 
stem cells. The two cells are also negative for the immunoglobulin-like transcript 
receptors 2, 3, and 4. There is some controversy about the expression of TRAIL, 
tumor necrosis factor alpha (TNF-α), and Fas ligand (Fas-L), all members of the 
TNF family for induction of apoptosis. However, in adaptive immunity, the level 
of IL-10 and TGF-β in the supernatant not only increased significantly in cocul-
tures of AMSCs and peripheral blood mononuclear cells, but also inhibit prolif-
eration. The level of IL-17 and IFN-γ also is lower in the presence of mitogens. 
Meanwhile, hepatic growth factor, indoleamine 2,3-dioxygenase (IDO), and 
cyclooxygenase 2 (COX-2) mRNA, were induced more in AMSCs. The inhibition 
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of cyclooxygenase pathway partially reverted the antiproliferative effect of T cells. 
These factors previously documented to take part in the inhibitory effects of MSCs 
from other sources. The AM stem cells could be an interesting source of soluble 
factors in clinical application, without referring to rejection reaction (Insausti et al. 
2014; Rossi et al. 2012). AMSCs can significantly suppress T lymphocyte prolif-
eration, especially CD8+ T cell. Otherwise, it can decrease activated Th1 and Tc1 
percentages and slightly increase Th2 and Tc2 percentages. AMSCs have potential 
of alleviating acute graft-versus-host disease and maintaining graft versus leuke-
mia. AMSCs and AECs that have HLA-G secretion feature may be involved in the 
suppression of the lytic activity of NK cells and B cells and modulate the matu-
ration of dendritic cells (Insausti et al. 2014; Di Trapani et al. 2013; Fang et al. 
2014).

Primary cultured AMSCs and AECs were treated with IL-1β as a model for 
acute chorioamnionitis and with CXCL10 for chronic chorioamnionitis. IL-33 
and IL1RL1 (ST2) mRNA were not detected in AECs after incubation with IL-1β 
or CXCL10. IL-33 mRNA was expressed in AMSCs, and the level of expression 
has increased after incubation with IL-1β. IL1RL1 (ST2) mRNA expression has 
decreased in AMSCs after IL-1β treatment. However, IL-33 and IL1RL1 (ST2) 
mRNA expression in AMSCs did not change with CXCL10 treatment. The regula-
tion of AMSCs and AECs is different from IL-1β- and CXCL10-induced inflam-
mation and immune function (Kallapur et al. 2013).

2.4.3  Epithelial–Mesenchymal Transition (EMT)

EMT is a key cause of fibrosis disease and is also the pathological process in 
fibrosis. EMT of normal conjunctival tissues is a major reason for pterygium 
generation. An important maker is α-smooth muscle actin in epithelia transition 
into mesenchyma, but high expression of Oct3 and E-cadherin genes are makers 
on inhibition of EMT. Human amnion stem cells can significantly inhibit α-SMA 
expression and migration of human pterygium fibroblasts by coculture of amnion 
stem cells and pterygium fibroblasts in vitro. These results suggested that amnion 
stem cells have the potential to inhibit the generation and invasiveness of pteryg-
ium (Sha et al. 2014). In the culture medium with bFGF and the inclusion of an 
AM in the dermal matrix, most fibroblasts were α-SMA negative. The suppres-
sion of α-SMA expression enhanced epidermal differentiation and decreased 
TGF-β1 expression in the epidermis. The inhibition of TGF-β kinase completely 
suppressed α-SMA expression in the dermal matrix. The hyperproliferative epi-
dermis expressed more TGF-β1, which is responsible for myofibroblast differen-
tiation (Yang et al. 2011). AFSCs form epithelial tubules and cyst structures in 
3D collagen gel. AFSCs continue to express MSC markers during cultivation in 
the gel. Thus, AFSCs may undergo epithelial–mesenchymal transition (Davydova 
et al. 2011). The cultured human AECs undergo EMT through the autocrine pro-
duction of TGF-β. Multisubcultured AECs underwent morphological changes 
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acquiring a mesenchymal shape. Epithelial cell markers E-cadherin and cytokerat-
ins were lost, and typical mesenchymal markers, such as vimentin and α-SMA, 
appeared. The expression of SNAI1, MMP9, PAI1, or ACTA2 genes is associated 
with EMT increase. The expression of the transcription activators KLF4 or MTA3 
was consistent with the downregulation of CDH1. The TGF-β receptor I (ALK5) 
inhibitor SB-431542 or TGF-β-neutralizing antibody can prevent EMT and pre-
serve the AECs’ epithelial phenotype (Alcaraz et al. 2013).

2.4.4  Angiogenic Potential

The AM is important in clinical applications as it is proangiogenic, antifibrotic, 
and antiscarring and has low immunogenicity (Koob et al. 2014). It has been 
recently reported that human AMSCs possess great angiogenic potential in vivo, 
except that AECs and AF-MSCs might be induced into vascular endothelial cells 
in condition medium with vascular endothelial growth factor and bFGF (Alviano 
et al. 2007). Vascular endothelial growth factor receptors 1 and 2 were expressed 
in induced human AMSCs and the expression of endothelium-specific markers 
such as FLT-1 KDR and ICAM-1. During the ameliorating peripheral neuropathy 
in sciatic nerve injury, AMSC injection promoted significant recovery of motor 
nerve conduction velocity and voltage amplitude, also augmented blood perfusion, 
and increased intraneural vascularity. Whole-mount fluorescent imaging analy-
sis demonstrated that these MSCs exhibited higher engraftment and endothelial 
incorporation abilities in the sciatic nerve. The higher expression of proangiogenic 
factors was detected. Promoting angiogenesis is a therapeutic effect and mecha-
nism of treating peripheral neuropathy, as same as repairing other tissue injury (Li 
et al. 2014; Warrier et al. 2012). AM-derived stem cells may potentially assist both 
bone and cartilage repair, due to their angiogenic potential, they may also pave the 
way for novel approaches in the development of tissue-engineered vascular grafts 
which are useful when vascularization of ischemic tissues is required (Petsche 
Connell et al. 2013). AF-MSCs supported vascular tubule formation in vivo more 
effectively than bone marrow MSCs, further enhancing their promise as vehicles 
for tissue repair and regeneration. There are differences in secreted angiogenic fac-
tors for angioinhibition, inflammatory response, migration, angiogenesis–vascu-
logenesis, tissue repair, and blood clotting between AF-MSCs and bone marrow 
MSCs using proteome arrays (Roubelakis et al. 2013).

2.4.5  Secretion Function

AEC is known to produce a “cocktail” of trophic factors, such as neurotro-
phin-3, nerve growth factor, fibroblast growth factor-2, IL-1, IL-4, IL-6, and so 
on (Venkatachalam et al. 2009). AECs are found to secrete some of the factors, 



44 L. Yu

brain-derived neurotrophic factor and ciliary neurotrophic factor for neuroprotec-
tive effect in rat retinal ganglion cells (Uchida et al. 2003). Amnion-derived cellular 
cytokine solution also accelerates the healing of skin burns. AF-MSCs express sev-
eral specific neural stem/progenitor markers, such as nestin and connexin 43, and 
release amounts of brain-derived neurotrophic factor, as well as vascular endothelial 
growth factor. These factors can enhance cell recovery following neuronal damage 
through multiple rescue mechanisms and may provide a suitable stem cell thera-
peutic means for neurodegenerative disorders including Parkinson’s disease (Payne 
et al. 2010). The use of human AF-MSCs as the feeder layer to establish human 
embryonic stem cell lines is promising, because of multiple biological active factor 
secretion of AFSCs. In addition, AMSCs and AECs quickly exert therapeutic effect 
on anti-inflammatory, promote angiogenesis, and reduce damage before these cells 
still have not found to be differentiated into specific tissue function cells in tissue or 
organ injury. The mechanism may be related to secretion or paracrine of AM- and 
AF-derived stem cells. Some of cytokines significantly enhanced in damage tissue, 
such as hepatocyte growth factor, bFGF, vascular endothelial growth factor, IL-4, 
IL-10, insulin-like growth factor-1, and granulocyte colony-stimulating factor. The 
action may be the same as bone marrow MSCs without direct and enough evidence 
on more cytokines’ secretion (Carvajal et al. 2013; Yamahara et al. 2014).

2.5  The Potential Applications and Therapeutic Base

MSCs have shown therapeutic potential for repair and regeneration of tissues dam-
aged by injury or diseases. Human adult stem cells are multipotent cells which are 
present in many tissues of the human body, including AM and AF, and present in 
bone, cartilage, muscle or fat, as well as a variety of other connective tissues by 
differentiating into various cells of other embryonic lineages, such as osteoblasts, 
chondrocytes, myoblasts, liver cells, islet cells, myocardial cells, neurocytes, and 
vascular endothelial cells or adipocytes. They are an important source for regen-
erative medicine, such as in osteogenesis imperfect, bone fracture, myocardial 
infarction, and liver, kidney, and spinal injury. These cells are also used to treat 
inflammation and immunopathy because they have anti-inflammatory and immu-
noregulation properties. AM- and AF-derived stem cells have low immunogenicity 
and have advantages on origin, ethic, amplification, and preservation in vitro, and 
AMSCs, AECs, and AFSCs have the extremely broad translation and application 
prospects in autologous and xenogenous treatments.

2.5.1  Cardiac Regeneration

After inducing cardiogenic differentiation of human AM- or AF-derived stem 
cells by cardiac lysis, growth differentiation factor-15, and bone morphogenetic 
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protein-2, fibroblast growth factor 10, 5-azacytidine, respectively, the expressions 
of cardiac markers inward rectifier potassium channels 2.1, cardiac troponin T and 
myocyte enhancer factor 2. Nanog promoter-Cre plasmid and cytomegalovirus 
promoter-loxP-STOP-loxP-Red-puro(r) plasmid were cotransfected into immortal-
ized human AMSCs (Otaka et al. 2013). These cells were treated with 5-azacy-
tidine, trichostatin A, activin A, and bone morphogenetic protein-4, or cocultured 
with murine fetal cardiomyocytes. Then, expression of Nanog, Oct3/4, Sox2, and 
Klf4 was significantly higher. They expressed Nkx2.5, GATA-4, human atrial 
natriuretic peptide, cardiac troponin T, myosin light chain-2α, Mlc-2v, β-myosin 
heavy chain, hyperpolarization-activated cyclic nucleotide-gated channels, and 
inwardly rectifying potassium channels (Kir)-2.1. These induced cells could not 
contract (Nagura et al. 2013; Bai et al. 2012; Han et al. 2011; Shaw et al. 2011). 
Cocultured AF-MSCs spontaneously contracted in a synchronized manner and 
expressed the cardiac markers with neonatal cardiomyocytes (Guan et al. 2011). 
These results suggest that human AMSCs could be a useful cell source for cardiac 
regeneration therapy. In myocardial infarction rat, AMSCs and AECs may differ-
entiate into myocardial cells, delay ventricular remodeling, and improve cardiac 
function in rats through epicardial and venous ejection fraction. Brdu-labeled posi-
tive human AM-derived stem cells were found in myocardial infarction region at 
1, 4, and 6 weeks after human-derived stem cell transplantation. Cell engraftments 
expressed cardiac-specific protein connexin 43, α-actinin, and desmin. Ejection 
fraction and fractional shortening, diastolic anterior left ventricular wall, and sys-
tolic anterior left ventricular wall values of rats were all significantly higher in 
stem cell transplantation than in model rats (Fang et al. 2012; Wang et al. 2013a).

2.5.2  Neuronal Regeneration

Stem cell therapy is a potential treatment for spinal cord injury. Several stud-
ies have reported that AECs transplanted into the spinal cord transection rats 
can improve hind limb motor function and ameliorate the bladder function. 
Transplanted AECs survive well for a long time of 8 weeks and integrate well 
with the host. AECs survive in the transplanted environment, support the growth 
of host axons, prevent the formation of glial scar at the cut ends, and may prevent 
death in axotomized cells or attract the growth of new collateral sprouting (Sankar 
and Muthusamy 2003). Grafting AECs genetically modified to overexpress glial 
cell derived neurotrophic factor into spinal cord injury also rescue the axotomized 
rubrospinal neurons. Two weeks after spinal cord injury, human AECs were trans-
planted around the spinal cord lesion site of spinal cord injury-induced mechani-
cal allodynia and thermal hyperalgesia. AECs significantly reduced mechanical 
allodynia, but have no effects on thermal hyperalgesia (Roh et al. 2013). This 
effect seems to be closely associated with the reduction of spinal cord microglial 
activity and NMDA receptor NR1 phosphorylation, microglial marker, and F4/80 
expression of spinal cord, but not the increased expression of glial fibrillary acidic 
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protein or induced nitric oxide synthetase. Human AECs displayed positive immu-
noreactivity to MAP-2, glial fibrillary acidic protein, and Nestin could secret the 
neurotrophic factors. bFGF can upregulate the TrkB receptor as a brain-derived 
neurotrophic factor preceding condition for activity. Neural stem cells and human 
umbilical cord blood mesenchymal stem cells grown either with AEC-conditioned 
medium or in transwells showed significantly improved survival and differentia-
tion into dopaminergic neuron-like cells. AECs are a potential inducer to obtain 
DA neuron-like cells for an ethical and legal cell therapy for Parkinson’s disease. 
Moreover, the neural differentiation and length of neurite were greater in exog-
enous FGF (Meng et al. 2007). This is related to secretion of brain-derived neuro-
trophic factor, etc. AECs may be regarded as a critical component of neural stem 
cells’ niche. This microenvironment is the need for AEC–neural stem cells cocul-
ture and could potentially facilitate the production of neurons for future clinical 
applications. Transfected human bFGF to AECs was serving as neural stem cell-
differentiated niche and be useful as a source of sustained trophic supported to 
improve neural stem cell differentiation toward neuron in vivo. AECs have ben-
eficial effects by the neurotrophic factor secretion of AECs on rats with 6-OHDA-
induced Parkinson’s disease. AEC transplantation significantly ameliorated spatial 
memory deficits in double-transgenic mice of coexpressed APPswe- and PS1ΔE9-
deleted genes, as well as increased acetylcholine levels and the number of hip-
pocampal cholinergic neurites. This will be very beneficial for Alzheimer’s disease 
therapy (Yang et al. 2010; Xue et al. 2012). Encouraging reports have revealed that 
human AECs can rescue injured brain tissue and improve functional recovery in 
experimental models of stroke or middle cerebral artery occlusion of rat (Liu et al. 
2008). The potential stroke therapy may involve a reduction of local inflamma-
tion and modulation of the immune response, promotion of neural recovery, dif-
ferentiation into neural tissue, re-innervation of lost connections, and secretion of 
necessary cytokines, growth factors, hormones, and/or neurotransmitters to restore 
cellular function. AECs cannot only survive in the cerebrum of rats with traumatic 
brain injury up to 4 weeks after transplantation, but also express the specific neu-
ronal antigen MAP2 and improve the motor deficits of rats with traumatic brain 
injury. Human AECs can ameliorate behavioral dysfunction and reduce infarct size 
in the rat with middle cerebral artery occlusion or after stroke, due to neuronal dif-
ferentiation and cytokine secretion by these cells (Liu et al. 2008). Transplanted 
glial cell-derived neurotrophic factor expressing AECs, as a transgene carrier in 
gene therapy, can protect against hippocampal neuronal death following traumatic 
brain injury. When it is transplanted into brain tissue as striatum of healthy or dis-
ease rats, AECs survived well for a long time, migrated for a distance, and did 
not induce immune rejection. The AECs labeled with 1,1′-dioctadecyl-3,3,3′,3′-
tetrame thyllindocarbocyanine perchlorate can survive in the spinal cord of mon-
key for up to the maximum period of observation at 60 days. There is no evidence 
of immunological rejection probably due to the non-antigenic nature of the human 
AECs (Sankar and Muthusamy 2003).
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Transplantation of AMSCs also can benefit to improve neurological func-
tion restoration of rats with spinal cord injury. These human nuclei of mono-
clonal antibody MABl281-positive cells survive in injury site and not express 
microtubule-associated protein and glial fibrillary acidic protein. Its mechanism 
might be related to upregulating NF-200 expression in the distal end of injured 
spinal cord. After spinal cord injury in rats, the combined treatment with meth-
ylprednisolone and AMSCs significantly reduces myeloperoxidase activity, the 
cell apoptosis, and the proinflammatory cytokines such as tumor necrosis factor-α, 
interleukin (IL)-1β, IL-6, and IL-17, and interferon-γ, but increases the levels of 
the anti-inflammatory cytokines IL-10, transforming growth factor-β1, and the 
survival rate of AMSCs in the injury site. That is to say anti-inflammatory and 
antiapoptotic effects are important mechanisms (Yu et al. 2012; Gao et al. 2014). 
AMSCs have been reported to be able to promote regeneration in central nerv-
ous tissue. AMSCs are induced to differentiate into motor neuron precursor cells. 
In these cells, neuron-specific enolase and synaptophysin expression levels are 
increased and glial fibrillary acidic protein expression is decreased. Human AMSC 
transplantation exhibits great potential for proliferation, is induced to differenti-
ate into neuron-like cells and then significantly improves neurological symptoms 
following focal cerebral ischemia. Many of MSC-type cell studies have reported 
that MSCs have the ability to differentiate into neural-like cells or the neuron and 
neurotransmitter factors in vitro or in vivo. More and more researches have con-
firmed that the MSCs can be remyelinated in models of demyelination that do not 
involve inflammation (Hu et al. 2013; Li et al. 2012). AMSCs and AFSCs have 
been noted as new alternative sources that would be useful for clinical applica-
tions (Table 2.3). AM is a new composite matrix bridging both stumps of spinal 
cord transection in rats to promote recovery of motor function. Decellularized AM 
has been successfully applied as nerve conduit biomaterial to improve peripheral 
nerve regeneration in injury models. In the differentiation of human AM toward 
the Schwann cell with a sequential order of neuronal induction and growth factors, 
AM maintained high viability of brain derived neurotrophic factor and glial cell 

Table 2.3  Potential clinical application of AFSCs

Target tissue Disease Application

Fetus Fetal abnormality Biochemical tests, prenatal diagnosis

Skin Wound, burn Tissue graft

Heart Cardiac malformation Autologous heart valve tissue 
engineering

β-cell Type 1 diabetes Preclinical animal studies

Central nervous 
system

Ischemic stroke Cell transplantation, intravenous cell 
grafts, preclinical animal studiesAlzheimer’s disease

Parkinson’s disease Preclinical animal studies, cell 
injectionSpinal cord injury

Limb Hind limb ischemia Preclinical animal studies, cell 
 injection, angiogenesis allograftFoot and ankle wounds
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derived neurotrophic factor secretion and p75 are upregulated and also exhibited 
a change in forming a multilayered epithelium with intense accumulations of the 
marker proteins (Banerjee et al. 2014; Liang et al. 2009).

After transplanting AF-MSCs into the striatum of ischemic rats, the 
grafted cells tended to survive and migrate toward injured brain regions. 
Immunohistochemical analysis showed that the cells had differentiated into neu-
rons as well as astrocytes. This suggested that the AF-MSCs could be an alterna-
tive stem cell source on the ischemic brain tissue injury (Cipriani et al. 2007). The 
effectiveness of AF-MSCs has also been reported in the regeneration of the sci-
atic nerve. Glial cell line-derived neurotrophic factor-modified human AF-MSCs 
promoted nerve regeneration. More importantly, this factor expressed consecu-
tively in the induced cells for up to four weeks. The combination of granulocyte 
colony-stimulating factor (50 μg/kg) administration by intraperitoneal injection 
and AF-MSC transplantation led to better outcomes. AF-MSCs can be recruited 
by expression of SDF-1α in muscle and nerve by intravenous administration after 
nerve crush injury. The increased deposition of AF-MSCs paralleled the expres-
sion profiles of SDF-1α and its receptor CXCR-4, regeneration markers in either 
muscle or nerve leading to improvements in neurobehavior (Yang et al. 2012).

2.5.3  Liver Disease

AM- and AF-derived stem cells were induced to liver-like cells or liver cells in 
vivo and vitro. The latter expressed albumin and cytokeratin 18, alpha fetal pro-
tein, oil drop, glycogen, and hepatocyte nuclear factor-3β. In carbon tetrachloride-
induced acute hepatic injury mouse model, AMSC and AF-MSC transplantation 
shows obvious therapeutic effect on improved liver function and pathologic histo-
logical structure in situ and in intravenous injection. Transplanted cells are planted 
and survived in damaged livers as in D-galactosamine-induced hepatic failure 
rats or in carbon tetrachloride-induced acute liver injury mice (Gong et al. 2011; 
Zheng et al. 2012). Serum albumin level was significantly elevated, and serum 
alanine aminotransferase and aspartate aminotransferase level was decreased. 
Transplantation of human AMSCs and AF-MSCs can improve liver function in 
rat with carbon tetrachloride-induced hepatic cirrhosis yet. The extent of liver cir-
rhosis was obviously ameliorated. It has been reported that the transplantation of 
AMSCs significantly decreased hepatic fibrosis by regulating TGF-β signal trans-
duction and decreasing hepatic stellate cell activity. AMSCs can be implanted and 
survived for 8 weeks in liver tissue of hepatic fibrosis rat (Zhang et al. 2011). In 
other words, the therapeutic action of AMSCs may be included in the inhibition 
of epithelial–mesenchymal transition and regulation of mesenchymal–epithelial 
transition. Human AEC culture medium treatment suppresses decreased TGF-
β1 and collagen production in activated hepatic stellate cells, as well as induc-
ing apoptosis and reducing proliferation. Human AEC culture medium treatment 
and secretion of AECs may be effective in ameliorating liver fibrosis (Hodge 
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et al. 2014; Manuelpillai et al. 2010). The major acute-phase mediators asso-
ciated with fulminant hepatic failure, including IL-1β, IL-6, and TNF-α, impair 
the regeneration of liver cells and stem cell grafts. AF-MSCs not only have the 
capacity to differentiate into hepatocytes, but also genetically modified to over-
express interleukin-1 receptor antagonist can improve liver function and increase 
survival rates in injured liver rats (Zheng et al. 2012). This may provide a novel 
therapeutic approach to the treatment of fulminant hepatic failure. Thereby, AMSC 
and AF-MSC transplantation provides a new approach for the treatment of fibrotic 
liver diseases, and they are also shown to survive and to achieve hepatocyte differ-
entiation without apparent immunological rejection.

2.5.4  Kidney Injury

Acute kidney injury is emerging as a public health problem in developing and 
developed countries. Several pharmacological approaches to improve renal func-
tion and survival after an acute kidney injury episode have been largely unsuc-
cessful in clinical practice. Adult stem cell therapy has provided new hopes of 
innovative intervention to enhance the limited capability of kidney regeneration. 
An important origin for cell therapy is MSCs, which are an attractive therapeutic 
tool by virtue of their unique biological properties, tropism for damaged tissues, 
and proregenerative capacity of tubular epithelial cells which after acute ischemic 
or toxic insults undergo dysfunction and lesion. The mechanisms were explicitly 
underlying the renoprotective effects of stem cell therapy of acute kidney injury. 
MSCs interact with damaged cells via the release of soluble factors and exosomes, 
improving microvesicles. Several biological effects, including antiapoptotic, prom-
itogenic, immunomodulatory, and anti-inflammatory activities, have been analyzed 
in renal tissue (Herrera et al. 2004; Bruno et al. 2009). AM- and AF-derived stem 
cells transplantation are promising therapeutic tools already validated on prevent 
fibrosis, renal tubular epithelial cell regeneration, decrease ameliorate glomerulo-
sclerosis and preserve renal function in a preclinical porcine of autotransplanta-
tion, mice and rat model of kidney injury, even of acute renal failure (Baulier et al. 
2014; Chang et al. 2011; Lv et al. 2014; Perin et al. 2010).

Human AMSCs are distributed abundantly in kidney tubule mesenchyme and 
few in renal tubular epithelial cell of cisplatin-induced acute kidney injury through 
mice caudal vein transplantation. Some of hyperchromatic nuclei and larger vol-
ume of regenerative renal tubular epithelial cells were found. Renal function was 
obviously improved. The transplantation of AMSCs could promote the recovery 
of acute kidney injury. AMSC transplantation shows obvious therapeutic effect on 
acute kidney injury and not only alleviates tubular damage, but also may partici-
pate in the repair of damaged tissue (Yu et al. 2012). Researchers injected autolo-
gous AF-MSCs in the renal artery 6 days after renal transplantation. The AF-MSC 
injection improved glomerular and tubular functions, leading to full renal func-
tion recovery and abrogated fibrosis development at 3 months. The strong proof of 
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concept generated by AF-MSC porcine model is a first step toward evaluation of 
MSC-based therapies in human kidney transplantation. It is an important mecha-
nism that AF-MSCs secrete growth factors and anti-inflammatory cytokines, anti-
oxidative stress, and immunomodulatory on the efficiency and the safety (Perin 
et al. 2010; Gosemann et al. 2012; Feng et al. 2013; Rota et al. 2012). Although 
the AMSCs homing and engraftment to sites of renal damage issue have also been 
reported, the effect of AM- and AF-derived stem cells are engrafted injured kidney 
predominantly exerted antiapoptotic effect, activated Akt, and stimulated prolifera-
tion of tubular cells, possibly via local release of factors, including IL-6, vascular 
endothelial growth factor, and stromal cell-derived factor-1. However, their actions 
are not completely known in the development of interstitial fibrosis, tubular atro-
phy, ischemia/reperfusion renal injuries, diabetic nephropathy, and lupus nephritis.

2.5.5  Skin Wounds and Burns

Extensive burns and full-thickness skin wounds can be devastating to patients, 
even when treated. The autologous split-thickness skin graft involves removing a 
piece of skin from a secondary surgical site for the patient, stretching the skin, 
and reapplying the graft on the wound or burn. Although skin autograft treatment 
yields a reasonable clinical outcome, if the wound is extensive, then the number 
and size of donor sites are limited if the wound is extensive. Allograft is an addi-
tional option, but they suffer from the need of immunosuppressive drugs to pre-
vent immune rejection of the graft. Although such polymeric scaffold, biobrane, 
and new dermagraft result in improved wound healing over untreated controls, 
they are costly to produce and result in relatively poor cosmetic outcomes (Theoret 
2009; Yannas et al. 2010; Rajangam and An 2013; Papanas et al. 2012). The 
results showed that bioprinting AF-MSCs could be an effective treatment and con-
quer the problems for large-scale wounds and burns. MSC treatment with acute 
and chronic wounds results in accelerated wound closure, increased epithelializa-
tion, formation of granulation tissue, and angiogenesis. MSCs have recently been 
shown to be also effective for improving in vivo skin expansion (Jadlowiec et al. 
2012; Jiang et al. 2013; Skardal et al. 2012).

AFSCs are an attractive cell source for applications in skin regeneration unlike 
embryonic stem cells that form teratomas. Furthermore, AFSCs remain stable and 
show no signs of transformation in culture. The immunomodulatory and high pro-
liferation properties of AFSCs suggest that they can be used as an “off-the-shelf” 
cell therapy product for wound healing (Yoon et al. 2010). AF-MSCs release some 
of the paracrine factors and their ability to accelerate the wound-healing process 
by stimulating proliferation and migration of dermal fibroblasts. These factors 
include various cytokines and chemokines that are known to be important in nor-
mal wound healing, as IL-8, IL-6, TGF-β, tumor necrosis factor receptor I, vascu-
lar endothelial growth factor, and EGF (Jun et al. 2014). The proteomic analysis 
showed that AFSCs secreted a number of growth factors at concentrations higher 
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in vivo. In parallel, AF-MSC-conditioned media induced endothelial cell migra-
tion in vitro. The increased wound closure rates and angiogenesis in wound site 
may be due to delivery of secreted trophic factors, rather than direct cell–cell 
interactions. AF-MSCs are resuspended in fibrin–collagen gel and “printed” over 
the wound site by bioprinting technology for the treatment of full-thickness skin 
wounds in nu/nu mice. The wound closure and re-epithelialization were signifi-
cantly greater in wounds treated by fibrin–collagen gel only. Histological exami-
nation showed more increased microvessel density and capillary diameters in the 
AF-MSC treated wounds (Skardal et al. 2012).

AF-MSCs in hypoxic conditioned medium could enhance the proliferation and 
migration of human dermal fibroblasts in vitro and wound closure in a skin injury 
model, as compared to AF-MSCs in normoxic conditioned medium. However, the 
enhancement of fibroblast migration was inhibited by SB505124 and LY294002, 
inhibitors of TGF-β/Smad2 and PI3 K/AKT. Therefore, this enhanced wound heal-
ing is related to the increase in hypoxia-induced paracrine factors via activation 
of TGF-β/Smad2 and PI3 K/AKT pathways. Expression of TGF-β1 was more in 
albino rats with irradiated wounds than those injected intradermally with human 
AECs (Jun et al. 2014). The model groups showed severe inflammation, defi-
cient healed dermis, and delayed re-epithelialization. SDF-1 expression was high, 
while CXCL-5 expression was high in AEC-transplanted rat causing accelerated 
wound healing. AECs showed a great effect on the quality of the dermis as well 
as bone marrow MSCs, while superiority of the epithelium and its appendages 
was achieved. Human AECs could be used safely in case of irradiated wounds 
(Mehanni et al. 2013).

AM is a biological dressing in the management of burns by rapid re-epitheliali-
zation and healing as it diminishes the oozing of plasma, bacterial count and fluid, 
protein, and heat loss. Dermal injection of freeze-dried AM extract also is a poten-
tial wound-healing substrate which can promote epidermal and dermal regenera-
tion, while avoiding undesirable hyperproliferation of damaged tissue (Kang et al. 
2013; Mohammadi et al. 2013).

2.5.6  Autoimmune Disease

MSCs have been shown to possess immunomodulatory properties, which suppress 
T cell proliferation, influence dendritic cell maturation and function, suppress B 
cell proliferation and terminal differentiation, and suppress immune modulation 
of other immune cells such as NK cells and macrophages. In terms of the clini-
cal applications of MSCs, they are involved in four main areas: tissue regenera-
tion for cartilage, bone, muscle, tendon, and neuronal cells; gene therapy vehicles; 
enhancement of hematopoietic stem cell engraftment; and treatment of immune 
diseases such as systemic lupus erythematosus, graft-versus-host disease, rheuma-
toid arthritis, autoimmune encephalomyelitis, acute pancreatitis, multiple sclero-
sis, and sepsis (Yi and Song 2012).
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Rheumatoid arthritis is a chronic general autoimmune disease that is medi-
ated by immunocompetent cell and multiple cytokines. Its main pathological fea-
ture is progressive joint damage. Human AMSCs may inhibit the development 
of collagen-induced arthritis by regulating the Foxp3+ Treg and Th17 cells. 
AMSC treatment caused lower arthritis index score, decreased volume of target 
joints, alleviated pathological damage of the joints, and decreased percentage of 
Th1, Th2, Th17, CTL1, CTL2, and NKT cells, but produced higher percentage 
of Foxp3+ Treg cells, compared with untreated arthritis rats and AMSC culture 
medium treatment (Xiao et al. 2013). The supernatant of cultured human AMSCs 
and AECs could inhibit lymphocyte proliferation. After mixed culturing with 
AMSCs, CD4+ T cell subsets were enhanced, but CD8+ T cell subsets were obvi-
ously suppressed. Th1 and Tc1 significantly decreased, but Th2 and Tc2 slightly 
increased in all experiments. AEC did not have significant difference compared 
with control. It was found that both human amniotic cells could secrete soluble 
cytokines to play immune suppression.

Human AMSCs (5 × 105 cells) were injected into the lateral cerebroventricle of 
rat with autoimmune encephalomyelitis, which was induced in guinea pigs by spi-
nal cord homogenate, complete Freund’s adjuvant, and Bordetella pertussis toxin. 
The behavior scores of human AMSC-treated rats were reduced gradually. After 
3 weeks, AMSC-treated animals showed an improvement in inflammatory reac-
tion in the brain and spinal cord, and the percentages of Treg, Th2, Tc1, and Tc2 
lymphocyte subsets were increased obviously, whereas Th17 cells were decreased 
significantly. The concentrations of IFN-γ and IL-2 in the plasma were decreased, 
but concentrations of IL-4 and IL-10 were increased. AMSCs can improve neural 
function of rats with autoimmune encephalomyelitis and alleviate immunopatho-
logic damage of neural tissues. Results suggested that the mechanism might relate 
to Foxp3+ Treg cell upregulation and Th17 cell downregulation (Fang et al. 2014). 
AEC is same as therapeutic effect on autoimmune encephalomyelitis and upregula-
tion of Foxp3+ Treg cells and downregulation of Th17 cells (Li et al. 2013).

These immunomodulatory properties in vitro have generated enormous interest 
in the potential application of MSC in vivo as an immunosuppressive cellular ther-
apy. Successful results have been obtained with the use of bone marrow MSC both 
for the prevention of graft-versus-host disease in solid organ transplantation and 
for the treatment of steroid-resistant acute graft-versus-host disease, arising after 
allogeneic hematopoietic cell transplantation. It is worth of further exploration 
that how many AMSCs and AF-MSCs are needed and how they affect the acute or 
chronic graft-versus-host disease of allogeneic hematopoietic cell transplantation.

2.5.7  Premature Ovarian Failure

Premature ovarian failure, a condition that causes amenorrhea and hypergonad-
otropic hypoestrogenism before the age of 40, affects 1 % of women in the gen-
eral population. The occurrence of premature ovarian failure has increased in 
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recent years. Premature ovarian failure usually can’t be reversed and though cur-
rently available treatments yet. New treatment strategies are urgently required with 
regenerative medicine development. Stem cell transplantation has been reported to 
rescue ovarian function in a preclinical mouse model of chemotherapy-induced pre-
mature ovarian failure. AMSCs and AF-MSCs were injected into a cyclophospha-
mide or cis-platinum-induced premature ovarian failure mouse. These cells could 
be detected by fluorescence microscopy up to three and eight weeks after injec-
tion. Ovarian function was improved, and full recovery is by the regulation of local 
cytokines and perfect microenvironment of follicular development. The level of E2 
was upregulated to reach the normal level, and the level of FSH was decreased as 
the same as normal mice. Follicular development and potentia generandi were not 
different compared with normal female mice. The red fluorescence protein-trans-
duced CD44+/CD105+ human AF-MSCs could survive and proliferate in the ovary 
of long-term cyclophosphamide-induced premature ovarian failure mouse. The 
cells could be detected by fluorescence microscopy up to three weeks after trans-
planted into the ovaries. The ability of human AFSCs to differentiate into germ cell 
and oocyte-like cells has been previously documented. The function properties and 
long-term survival in vivo of AMSCs and AF-MSCs make them ideal seed cells for 
stem cell transplantation for premature ovarian failure treatment (Liu et al. 2012; 
Wang et al. 2013b). The grafted GFP-labeled AFSCs and immunostaining with 
antihuman antigen-specific antibodies demonstrated that they survived and differ-
entiated into granulosa cells which directed oocyte maturation. Furthermore, labe-
ling of ovarian tissue for anti-Müllerian hormone expression, a functional marker of 
folliculogenesis, was strong in injured ovaries but absent in negative controls. This 
result highlights the possibility of using AFSCs in regenerative medicine reproduc-
tive health (Lai et al. 2013). Intravenously injected AECs reached the ovaries of 
chemotherapy-treated mice and restored folliculogenesis for promoting reproduc-
tive health and improving the quality of life for female cancer survivors.

2.5.8  Hematopoietic Supporting and Improvement

It was reported that human AMSCs expressed multiple hematopoietic cytokines, 
including leukemia inhibitory factor, stem cell factor, macrophage colony-stim-
ulating factor, granulocyte colony-stimulating factor, macrophage–granulocyte 
colony-stimulating factor, IL-3, IL-6, and IL-11. The number of suspension mono-
nuclear cells of umbilical cord blood was enhanced in culture medium at the days 
3–21. AMSC transplantation showed that it has a function to support hematopoiesis 
in vitro, as well as AFSCs (Ditadi et al. 2009). The stem cells derived from amnion 
and AF are cocultured with mononuclear cells from cryopreserved cord blood in a 
medium supplemented with cytokine stem cell factor, thrombopoietin, and granu-
locyte colony-stimulating factor. The hematopoietic stem and progenitor cells are 
distinctly amplified. The comparison of MSCs from bone marrow with MSCs from 
cord blood and AF showed no significant difference (Klein et al. 2013). High-dose 



54 L. Yu

chemotherapy often results in severe bone marrow damage. Beside drugs, stem cell 
transplantation has also been used as a strategy for the treatment of bone marrow 
damage. Human AMSC transplantation through the caudal vein, the body weight 
was higher than model mice after cisplatin-induced myelosuppression. The number 
of white blood cells, lymphocytes, mononuclear cells, red blood cells, and hemo-
globin, hematocrit, and platelet of peripheral blood, and the number of bone marrow 
karyocytes were significantly higher than those in model mice. Bone marrow histo-
pathological testing results showed that AMSC transplantation significantly improved 
femur bone marrow organizational structure compared with myelosuppression mice, 
especially megakaryocyte increases. The AMSCs with antihuman nuclei monoclo-
nal antibody-fluorescein isothiocyanate were colonized in myeloid tissue (Mizokami 
et al. 2009; Yao et al. 2013a). It is clear that human AMSC transplantation can 
remarkably ameliorate hematopoietic function in myelosuppression condition.

2.5.9  Eye Injury

Limbal stem cell deficiency is a pathologic state that limbus of cornea or base mate-
rial is damaged. It often leads to the corneal surface by invading conjunctival epithe-
lium cells’ ingrowth of fibrous tissue, stromal scarring, and neovascularization, which 
cause chronic pain and visual loss. AECs not only differentiate into corneal epithelial-
like cells in vitro, but also provide a kind of niche that enhances the functional prop-
erties of human corneal endothelial cells via inhibiting P53-survivin-mitochondria 
axis (Yao et al. 2013b; Sha et al. 2013). Although there are differences on collagen 
type IV, V and laminin α4, BM40/SPARC, tenascin-C, amniotic and limbal epithelial 
basement membranes all show positive immunoreactivity for collagen type IV α1, α2, 
α5, and α6 chains; multiple type collagens, laminin, nidogen and fibulin; fibronec-
tin, etc. AEC transplantation decreases corneal conjunctivization better than simple 
AM transplantation in limbal stem cell deficiency model through burning cornea by 
sodium hydroxide after cutting layers of limbus cornea (Dietrich-Ntoukas et al. 2012; 
Luo et al. 2013; Covre et al. 2011; Ricardo et al. 2009). The results indicate that 
transplantation of AECs represents an effective technique for ocular surface recon-
struction in patients with severe limbal stem cell deficiency. Human AECs can be suc-
cessfully reproduced in corneal stromal and formed 4–5 layer epithelial cells as the 
same as normal corneal epithelium. AECs also could be expected to reconstruct the 
corneal epithelium and by tissue engineering technology.

2.5.10  Other Tissue Injury

Human AFSCs were injected into the injured tibialis anterior muscles established by 
cardiotoxin and X-ray irradiation in Nod/Scid mice. The double-staining immuno-
fluorescence showed that human-specific nuclear mitotic apparatus protein expressed 
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in tibialis anterior muscles and no myogenic phenotype at 2 weeks after cell trans-
plantation. The single-cell coexpressed hepatocyte growth factor receptor or myo-
genic regulatory factor at 4 weeks after cell transplantation. In some myofibers, 
human-specific nuclear mitotic apparatus proteins and laminin or desmin were also 
coexpressed (Ma et al. 2012). AF stem cells can participate in the regeneration of 
injured mouse muscle. After cell transplantation, transplanted cell also coexpressed 
NuMa and c-Met, Myf-5, and laminin or desmin at 4 weeks after cell transplantation 
(Ma et al. 2011). AF-MSCs improve survival and enhance repair of damaged intes-
tine in necrotizing enterocolitis via a cyclooxygenase 2-dependent mechanism (Zani 
et al. 2014). Research demonstrated that AF-MSCs injected into an established model 
of necrotizing enterocolitis could improve survival, clinical status, gut structure, and 
function. Understanding the mechanism of this effect may help us to develop new 
cellular or pharmacological therapies for infants with necrotizing enterocolitis. 
Furthermore, human AM- and AF-derived stem cells are employed as a tool for basic 
research and studied in prevision of their use for cell-based therapies, although some 
irregularities in their epigenetic control are not dimness.

2.5.11  Potential Antitumor Therapeutic Strategies

Cancer therapeutic strategies principally include surgery, radiotherapy, chemother-
apy and biotherapy. Despite the developments of therapy, cancer mortality rates are 
higher worldwide. Previous study reported that bone marrow MSC transplantation 
resulted in antitumor activity against non-Hodgkin’s lymphoma (Secchiero et al. 
2010). However, some bone marrow stem cells or precursor cells have been also 
shown to increase growth and metastasis of colon cancer, lymphoma, and mela-
noma cells in vivo (Audollent et al. 2011). Therefore, it is unclear whether MSCs 
promote or suppress tumor growth so far. Certain studies show that bone marrow 
MSCs have been promoted as an attractive option to use as cellular delivery vehi-
cles to carry antitumor agents, owing to their ability to home into tumor sites and 
secrete cytokines (Hamada et al. 2005). However, MSC lineage to be used in the 
cell therapy needs to be carefully chosen to balance efficacy and safety for a par-
ticular tumor type. MSCs from AM and AF may be one of the tumor cell growth 
inhibitors or a new delivery vehicle for antitumor effects (Rolfo et al. 2014; Kang 
et al. 2012a, b). They inhibit proliferation of cancer cell lines of haematopoietic 
and non-haematopoietic origin by inducing cell cycle arrest, or induce C6 glioma 
apoptosis in vivo through the Bcl-2/caspase pathways (Magatti et al. 2012; Jiao 
et al. 2012). The two source stem cells also are capable of self-renewal and can 
generate differentiated progenies for organ development as well. They are con-
sidered as potential source for regenerative medicine and tissue replacement after 
disease. They are in an intermediate stage between pluripotent embryonic stem 
cells and lineage-restricted adult stem cells. Their non-tumorigenicity and no or 
low expression level of major histocompatibility complex antigens, and contribute 
to low immunogenicity and anti-inflammation. In non-engineered stem cell trans-
plantation strategies, amnion-derived stem cells effectively target the tumor and 
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suppressed the tumor growth by expressing cytotoxic cytokines or cancer suppres-
sor gene. Additionally, they also have a potential as novel delivery vehicles trans-
ferring therapeutic genes to the cancer formation sites in gene-directed enzyme/
prodrug combination therapy.

2.5.12  The Challenge of Clinical Translation

AM- and AF-derived stem cell-based therapeutic and seed cell-engineered strate-
gies are showing huge potential in experimental studies. However, some problems 
of stem cells including safety and ethical issues have limited their clinical use. Thus, 
the AM and AF are considered as non-controversial sources because of the use of 
either heterologous embryonic stem cells or the less ethically disputed MSCs. A 
small amount of AF obtained by amniocentesis and amniotic membrane samples 
could produce enough MSCs for applications. However, some of the gene expres-
sions of AFSCs were changed in different culture conditions. AMSCs even change 
into senescence as the same as other MSCs for times without number subculture. It 
is reported that AECs cause EMT after subculture after passage 5. How to prefer-
ably keep the biological characters and functions of AMSCs, AECs, and AFSCs in 
amplified culture system for more amplify and subculture in vitro? How to block 
or delay stem cells aging? How to effectively control EMT and mesenchymal–epi-
thelial transition among AECs, AMSCs, or AF-MSCs in cultured conditions and 
induced directional differentiation? Whether are different therapeutic effects in the 
same tissue injury that is caused by different reasons? These are worth of further 
investigation. The epigenetics and regulation and control of AM- and AF-derived 
stem cells have not become directly involved for the biological mechanism, regen-
eration, restoration, and development. In tissue engineering, there are a number of 
problems that needed to be solved, such as interactions and histocompatibility. It 
is absolutely necessary that further studies on molecular mechanism of AM- and 
AF-derived stem cells demonstrate the prospects of potential therapeutic uses and 
safety for several diseases. Although we still need to do more investigation, even 
to break through the bottleneck, it is hoped translation that these beneficial effects 
of AMSCs, AECs, and AF-MSCs will gradually be developed into therapeutic out-
comes for injury regeneration, autoimmune disease, and tissue engineering. Finally, 
we elaborate on the potential for these cells to promote regeneration of various tis-
sue defects (Insausti et al. 2010; Murphy et al. 2010), including fetal tissue, the 
nervous system, heart, lungs, kidneys, bones, cartilage, and ovary.
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Abstract Mesenchymal stem cells (MSCs) are an important cell population that 
resides in a bone marrow microenvironment. In the past decade, MSCs have been 
discovered to have profound immunomodulatory functions both in vitro and in 
vivo. As MSCs can be expanded rapidly to numbers that are required for clinical 
application, clinical studies have been performed in immune diseases, bone mar-
row transplantation, and kidney transplantation. In this chapter, the mechanisms 
underlying MSCs’ immunomodulating property and the potential clinical use of 
MSCs as a modulator of immune responses are reviewed.
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3.1  Introduction

The use of immunosuppressive agents has led to greatly improved organ graft 
survival rates and alleviation of autoimmune diseases. Nevertheless, side effects 
of immunosuppressive agents and patient morbidity due to lifelong immunosup-
pression remain substantial, especially high cancer incidence among the recipi-
ents. Active induction of tolerance allowing drug-free allograft acceptance with 
preserved immunocompetence has long been a goal for both immunologists and 
clinicians. This method is theoretically the only way to resolve rejection reaction 
of allogeneic transplantation and simultaneously keep the patients void of the side 
effects of immunosuppressive medication.
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Stable chimerism is linked with permanent tolerance of donor organ or tissue 
transplants (Wekerle and Sykes 2001). Induction of mixed hematopoietic chimer-
ism by bone marrow stem cell transplantation, which leads to stable donor-specific 
tolerance in allogeneic graft, has been reported (Sayegh et al. 1991; Helg et al. 
1994; Sorof et al. 1995). However, the use of bone marrow transplantation is still 
largely restricted to patients with malignancies or severe immune diseases. The 
toxicity of the required host conditioning, the risk of engraftment failure, and the 
problem of graft-versus-host-disease (GVHD), especially when major histocom-
patibility complex (MHC) barriers are transgressed, hinder its clinical application. 
Embryonic-like stem cell transplantations have also been proved to be capable 
of establishing chimerism and inducing tolerance without supplementary host 
conditioning in animal model (Fandrich et al. 2002). However, there exists the 
well-known ethical obstacle for embryonic stem cells and tumorigenesis of embry-
onic-like stem cells transplantation in human need cautious evaluation. Therefore, 
development of a new cell population and procedure for donor-specific allograft 
tolerance induction is still a difficult task in organ transplantation.

In the past decade, bone-marrow-derived mesenchymal stem cells (MSCs) are 
garnering more and more attention for their immunoregulatory activity and regen-
erative ability. For example, administration of MSCs could prolong donor skin 
graft survival in mice (Han et al. 2003) and nonhuman primates (Bartholomew 
et al. 2002). The ability of MSCs to regulate immune responses could also be har-
nessed to reduce GVHD at the time of hematopoietic stem cell transplantation 
(Frassoni et al. 2002; Lazarus et al. 2000).

3.2  Characteristics of MSC

MSCs are multipotent cells that reside within the bone marrow and can be induced 
to differentiate into various components of the marrow microenvironment, such 
as bone, adipose, and stromal tissues under proper conditions (Fridenstein 1982; 
Pittenger et al. 1999; Deans and Moseley 2000). MSCs support the growth of 
hematopoietic progenitors by secreting a number of hematopoietic cytokines 
such as macrophage colony stimulating factor, interleukin (IL)-6, IL-7, IL-8, 
IL-11, IL-12, IL-14, IL-15, and leukemia inhibitory factor (Deans and Moseley 
2000; Deans 2000). MSCs have been isolated in different species and are pre-
sent in the bone marrow at low frequency (1 out of 104–105 mononuclear cells). 
Although MSCs are originally isolated from bone marrow, they can also be iso-
lated from muscle (Asakura et al. 2001), pancreas (Hu et al. 2003), dermis (Young 
et al. 2001), adipose tissues (Zuk et al. 2001), lung (Noort et al. 2002), liver (Hu 
et al. 2001), and cord blood (Erices et al. 2000). The exact phenotype of MSCs 
in the tissue (i.e., the cell phenotype prior to culture) is still debated. Simmoms 
et al. described the first antibody (Stro-1) that targeted MSCs in the bone marrow 
(Simons and Torok-Storb 1991). Some typical markers of MSCs include CD105 
(SH2 or endoglin), CD73 (SH3 or SH4), CD90, CD166, CD44, and CD29.
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3.3  MSCs Exert Their Immunomodulation Function  
by Different Mechanisms

3.3.1  The Interaction Between MSCs and T Cells

The key orchestrators of the immune response in transplantation are T cells, 
which can react to alloantigen both directly, by recognizing intact foreign MHC 
molecules on donor antigen-presenting cells (APCs), and indirectly, as a result 
of interactions with processed donor antigens on self APCs (Sayegh and Turka 
1998). In the thymus, double positive (CD4+CD8+) cells undergo positive and 
negative selections before leaving the thymus. Positive selection results in sur-
vival of T cells with antigen receptors that corecognize self-MHC molecules plus 
foreign peptides. T cells whose receptors do not detect self-MHC molecules die, 
presumably by failure to receive critical differentiating signals. Negative selection 
involves the removal of potentially autoreactive T cells that interact too well with 
self-MHC molecules plus self-peptides. The majority of cells with specificities 
for self-antigens are eliminated during development in the thymus (von Boehmer 
and Kisielow 1990). Otherwise, they will mature and migrate to the peripheral 
lymphoid organs. Cortical epithelial cells are essential for the process of positive 
selection because they display the self-peptide–MHC complexes that are recog-
nized by CD4+CD8+ thymocytes and also provide essential differentiation factors 
(Anderson et al. 1993).

T cells can be physiologically silenced by a number of mechanisms, including 
deletion in the peripheral immune system; anergy, where they cannot adequately 
respond following restimulation with antigen; and suppression, which may be 
mediated by interactions with other cells or with soluble factors (Van Parijs and 
Abbas 1998; Charlton et al. 1994). The TH1 cell cytokines IL-2 and interferon 
gamma (IFN-γ) are considered detrimental to allografts, and the TH2 cell cytokine 
IL-4 is considered tolerogenic (Nickerson et al. 1994).The same mechanisms 
act in acquired transplantation tolerance (Li et al. 2001) and can be harnessed to 
achieve donor-specific tolerance by blunting the effects of alloreactive T cells.

Presently, although the relationship between MSCs and T cells is not well 
defined, several lines of evidence indicate that MSCs may modulate T cells by var-
ious mechanisms (Fig. 3.1). When added into a mixed lymphocyte reaction, either 
on day 0 or on day 3, baboon MSCs could inhibit an ongoing allogeneic response, 
leading to a greater than 50 % reduction in proliferative activity (Bartholomew 
et al. 2002). This effect could be maximized by escalating the dose of MSC and 
could be reduced with the addition of exogenous IL-2. The suppression of prolif-
erative responses by MSCs did not appear to be dependent on the source of MSCs. 
MSCs were able to inhibit proliferation of T cells independent of whether they 
were of the same source of the responder, stimulator, or third party. Baboon MSCs 
could also inhibit proliferative response to potent T-cell mitogen ConA. Similarly, 
addition of MSCs to T cells stimulated by polyclonal activators (PHA or IL-2) 
resulted in suppression of proliferation (Di Nicola et al. 2002). MSC-inhibited 
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T lymphocytes were not apoptotic and efficiently proliferated on restimulation. 
MSCs significantly suppressed both CD4+ and CD8+ T cells (Chen et al. 2002). 
In a study on the immunogenicity and antigen-presenting ability of MSCs, Tse 
et al. (2003) demonstrated human MSCs failed to stimulate allogeneic periph-
eral blood mononuclear cells or T-cell proliferation in mixed cell cultures. MSCs 
actively suppressed proliferation of responder peripheral blood mononuclear cells 
stimulated by third-party allogeneic peripheral blood mononuclear cells as well as 
T cells stimulated by anti-CD3 and anti-CD28 antibodies. Similarly, marked inhib-
itory effects of allogeneic and autologous MSCs were also reported both in mixed 
lymphocyte reaction and after mitogenic lymphocyte stimulation by phytohaemag-
glutinin, concanavalin A, and protein A (Le Blanc et al. 2003). However, little, 
if any, inhibition occurred after stimulation with pokeweed mitogen. The inhibi-
tory effect was also related to MSCs dose, as a minimum of MSCs was needed. 
Surprisingly, when the dosage was small, stimulatory effect was noted in some 

Fig. 3.1  MSCs inhibit the proliferation of NK cells, B cells, and T cells. This effect is mediated 
through the secretion of various factors, such as prostaglandin E2, human leukocyte antigen-G, 
and hepatocyte growth factor transforming growth factor-β. MSC also inhibits generation and 
maturation of DCs from monocytes. Abbreviations: CTL cytotoxic T cell; DCs dendritic cells; 
HGF hepatocyte growth factor; IDO indoleamine 2,3-dioxygenase; MSCs mesenchymal stem 
cells; NK natural killer; PGE2 prostaglandin E2; TREG cells regulatory T cells; and TGF-β trans-
forming growth factor β
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experiments. This phenomenon was also observed when MSCs were cocultured 
for 3 days with T cells isolated from cord blood and stimulated with phytohae-
magglutinin for 60 h, in which high concentration of MSCs most often resulted 
in inhibition, while low concentration resulted in stimulation of T-cell prolifera-
tion (He et al. 2003). In another study, effect of MSCs on response of naive and 
memory T cells to their cognate antigenic epitopes was evaluated (Krampera et al. 
2003). For this purpose, murine male transplantation antigens, HY, were selected 
to trigger immune response. C57BL/6 female mice immunized with male cells 
were the source of memory T cells, whereas C6 mice transgenic for HY-specific 
T-cell receptor provided naive T cells. Responder cells were stimulated in vitro 
with male spleen cells or HY peptides in the presence or absence of MSCs. MSCs 
inhibited HY-specific naive and memory T cells in a dose-dependent fashion and 
affected cell proliferation, cytotoxicity, and the number of interferon-gamma-
producing HY peptide-specific T cells. However, MSC did not selectively target 
antigen-reactive T cells. The expression of MHC molecules and the presence in 
culture of antigen-presenting cells or of CD4+/CD25+ regulatory T cells were not 
required for MSCs to inhibit. This data demonstrate that autologous or allogeneic 
MSCs strongly suppress lymphocyte proliferation that is triggered by both cellular 
as well as nonspecific mitogenic stimuli in different in vitro models; this phenom-
enon has no immunologic restriction.

Suppression of lymphocyte proliferation by MSCs is likely due to the pro-
duction of soluble factors. By using the transwell system, i.e., when MSCs were 
separated from T cells physically by a permeable membrane, T-cell proliferation 
was also significantly inhibited. After simultaneous addition of anti-transform-
ing growth factor-β1 and anti-hepatocyte growth factor antibodies to bone mar-
row stromal cells-containing mixed lymphocyte reactions, T-cell proliferation was 
restored at values that were comparable to those detected in mixed lymphocyte 
reactions without bone marrow stromal cells, indicating transforming growth 
factor-β1 and hepatocyte growth factor were the mediators of marrow stromal 
cells’ effects (Di Nicola et al. 2002). Chen et al. (2002) showed secretion of trans-
forming growth factor-β1 by MSCs reached to 1 ng/ml in 72 h. Tse et al. dem-
onstrated IL-10 secreted by MSCs also accounted for the suppressive activity by 
MSCs (Tse et al. 2003). However, the inhibitory activity was abrogated when 
MSCs were replaced by MSC culture supernatant (Krampera et al. 2003). This 
may suggest that pretreatment of MSCs with lymphocytes is necessary for MSCs 
to secret inhibitory factors.

In addition, the tryptophan catabolizing enzyme indoleamine 2,3-dioxygenase 
(IDO) has been suggested to play a role in the suppression of T-cell proliferation 
by MSCs (Meisel et al. 2004). Upon stimulation with IFN-γ, MSCs express IDO 
activity that degrades essential tryptophan and results in kynurenine breakdown 
products, resulting in reduced lymphocyte proliferation.

The families of human galectins are key players in the regulation of the innate 
and adaptive immune response (Yang et al. 2008). One family member, galectin-1, 
is a negative regulator of immune responses. Galectin-1 may inhibit proliferation 



72 L. Liao and R.C. Zhao

and induce apoptosis of activated T cells (Blaser et al. 1998; Rabinovich et al. 
2002; Perillo et al. 1995). Galectin-1 protein was detected intracellularly and on 
the cell surface of MSCs. It was reported that galectin-1 released into the cell cul-
ture supernatant by MSCs modulated the release of cytokines involved in GVHD 
and autoimmunity (e.g., tumor necrosis factor-α [TNF-α], IFN-γ, interleukin-2 
[IL-2], and IL-10). Thus, galectin-1 may mediate the immunomodulatory effect of 
MSCs on allogeneic T cells (Gieseke et al. 2010).

MSC-induced T-cell anergy has been proposed as another potential mechanism 
of immune suppression. MSCs lack surface expression of costimulatory mole-
cules, such as CD80 (B7-1) and CD86 (B7-2), and it is believed that MSCs can 
render T cells anergic (Glennie et al. 2005). Another level at which MSCs may 
modulate immune responses is through the induction of regulatory T cells (Treg). 
MSCs might induce formation of CD4+CD25+ regulatory T cells that were 
responsible for inhibition of allogeneic lymphocyte proliferation (Maccario et al. 
2005; Tasso et al. 2012; Carrion et al. 2010). In the experimental autoimmune 
uveitis in mice, intraperitoneal injection of MSCs was able to significantly attenu-
ate uveitis and that a significantly higher percentage of adaptive Treg was present 
in MSC-treated mice than in MSC-untreated animals. Furthermore, induction of 
antigen-specific Treg by MSCs was due at least in part to the secretion of TGF-β 
(Tasso et al. 2012).

3.3.2  The Interactions Between MSCs  
and Antigen-Presenting Cells

MSCs may also regulate the immune response through their interaction with den-
dritic cells (DCs) which play a key role in the induction of immunity (Fig. 3.1). 
MSCs may induce tolerance by inhibiting DC maturation and function, inhibit in 
vitro differentiation of DCs from monocytes and CD34+ progenitors, and reduce 
secretion of pro-inflammatory cytokines (IL-12, IFN-γ, and TNF-α) and increase 
IL-10 secretion (Beyth et al. 2005). The production of IL-6, PGE2, IL-10, and 
M-CSF by MSCs may contribute to the inhibitory effect of MSCs on DC dif-
ferentiation, although blocking studies indicate that these factors are not solely 
responsible for the inhibitory effect. DCs generated in the presence of MSCs 
were impaired in their response to maturation signals and exhibited no expres-
sion of CD83 or up-regulation of HLA-DR and costimulatory molecules (Jiang 
et al. 2005; Nauta et al. 2006; Zhang et al. 2004). Immature DCs generated in the 
presence of MSCs were strongly hampered in their ability to induce activation 
of T cells. These results suggest that MSCs suppress the differentiation of DCs, 
resulting in the formation of immature DCs that exhibit a suppressor or inhibitory 
phenotype.
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3.3.3  The Interaction Between MSCs and B Cells

MSCs could inhibit the proliferation of B cells stimulated with anti-CD40L and 
IL-4, or with pokeweed mitogen (Augello et al. 2005). B cells were arrested in 
the G0/G1 phase of the cell cycle. Similar to T-cell suppression, the major mecha-
nism of B-cell suppression is MSC production of soluble factors, as indicated by 
transwell experiments. In addition, B-cell differentiation was inhibited because 
IgM, IgG, and IgA production was significantly impaired. What is more, CXCR4, 
CXCR5, and CCR7 B-cell expressions, as well as chemotaxis to CXCL12, the 
CXCR4 ligand, and CXCL13, the CXCR5 ligand, were significantly down-regu-
lated by MSCs, suggesting that these cells affect chemotactic properties of B cells 
(Corcione et al. 2006). Allogeneic MSCs have been shown to inhibit the prolif-
eration, activation, and IgG secretion of B cells from BXSB mice that are used as 
an experimental model for human systemic lupus erythematosus (Fig. 3.1) (Deng 
et al. 2005).

3.3.4  Interaction Between MSCs and Natural Killer Cells

Natural killer (NK) cells exhibit spontaneous cytolytic activity that mainly targets 
cells that lack expression of HLA class I molecules. MSCs suppressed IL-2- or 
IL-15-driven NK-cell proliferation and IFN-γ production, and NK cells cultured 
for 4 to 5 days with IL-2 in the presence of MSCs have a reduced cytotoxic poten-
tial against K562 target cells (Krampera et al. 2006). Experiments with transwell 
culture systems indicated that MSCs suppressed the proliferation and cytokine 
production of IL-15 stimulated NK cells via soluble factors. At low NK-to-MSC 
ratios, MSCs alter the phenotype of NK cells and suppress proliferation, cytokine 
secretion, and cyto-toxicity against HLA-class I expressing targets. Some of these 
effects required cell-to-cell contact, whereas others were mediated by soluble fac-
tors, including PGE2 and transforming growth factor-β (Sotiropoulou et al. 2006). 
Indoleamine 2,3-dioxygenase also mediates MSC-induced inhibition of NK cells 
(Fig. 3.1) (Spaggiari et al. 2008).

MSCs secrete the soluble isoform HLA-G5. Blocking experiments using neu-
tralizing anti-HLA-G antibody demonstrate that HLA-G5 contributed first to the 
suppression of allogeneic T-cell proliferation and then to the expansion of regu-
latory T cells. MSCs inhibited both NK cell-mediated cytolysis and interferon-
gamma secretion through HLA-G5 (Selmani et al. 2008).

Taken together, numerous studies convincingly demonstrate that MSCs are able 
to modulate the function of different immune cells in vitro, particularly involving 
the suppression of T-cell proliferation. However, the mechanisms underlying the 
immunosuppressive effects of MSCS are still unclear.
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3.3.5  MSCs Survive and Induce Immune Tolerance  
in the Host

It has been suggested that MSCs escape the immune system after they are 
infused to allogeneic recipient because they possess a cell surface phenotype that 
reflects poor recognition by T cells. For example, injection of genetically modi-
fied MSCs in baboon was not followed by their rejection because of the lack of 
immunogenicity of MSCs (Bartholomew et al. 2002; Devine et al. 2003). Indeed, 
the distinct immunophenotype profile of MSCs, i.e., no expression of costimu-
latory molecules B7-1, B7-2, CD40, and CD40L associated with the absence of 
MHC classes I and II expression, suggests that they may not be recognized by 
allogenic T cells and can escape host immune system’ rejection. MSCs can eas-
ily migrate and reside in various tissues, which may result from their expression 
of a variety of adhesion molecule. In our study, when allogeneic murine MSCs 
were transplanted into lethally irradiated recipient mice 150 days before alloge-
neic skin transplantation, allogeneic donor skins were successfully transplanted 
and have survived for more than 100 days without any rejection reaction (Han 
et al. 2003). Immunohistochemistry staining showed donor MSCs could estab-
lished long-term residency in gastrointestinal tissues, kidney, lung, liver, thymus, 
and skin (Deng et al. 2003). In a baboon model, following systemic infusion of 
GFP-marked MSC into an immunocompetent host, MSCs could be detected in a 
wide non-hematopoietic tissue distribution between 9 and 21 months later, includ-
ing gastrointestinal tissues (colon, duodenum, jejunum, and ileum), kidney, skin, 
lung, thymus, and liver. Importantly, the results suggested that tissue distribu-
tion of MSC following systemic infusion was not affected by histocompatibility 
or prior conditioning. In the non-conditioned recipient, engraftment of MSC in 
these tissues was also achieved, although less abundant. When reinfused in non-
human models, ex vivo–expanded human MSCs migrated to and became incor-
porated into several tissues of the recipient animals where MSCs were capable to 
elicit tissue-specific differentiation programs, indicating that MSCs have multior-
gan homing capacity and an intrinsic degree of plasticity (Azizi et al. 1998; Toma 
et al. 2002; Saito et al. 2002; Liechty et al. 2000). Studies involving direct injec-
tion of MSCs into the rodent brain reported migration of cells within the brain 
and differentiation into glial populations. This approach has used xenogeneic 
transplant of human cells into the rat brain, as well as homologous mouse/mouse 
tracking studies (Azizi et al. 1998???). When purified human MSCs from adult 
bone marrow were injected into the left ventricle of CB17 SCID/beige adult mice, 
a limited number of cells survived and over time morphologically resembled 
the surrounding host cardiomyocytes. Immunohistochemistry revealed de novo 
expression of desmin, beta-myosin heavy chain, alpha-actinin, cardiac troponin 
T, and phospholamban at levels comparable to those of the host cardiomyocytes 
(Toma et al. 2002). In another xenograft model, bone marrow stromal cells were 
isolated from C57B1/6 mice and injected into immunocompetent adult Lewis rats. 
One week later, the recipient animals underwent coronary artery ligation and were 
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sacrificed at various time points ranging from 1 day to 12 weeks after ligation. 
Labeled mice cells engrafted into the bone marrow cavities of the recipient rats 
for at least 13 weeks after transplantation without any immunosuppression. In the 
heart, some of these cells subsequently showed positive staining for cardiomyo-
cyte-specific proteins, while other labeled cells participated in angiogenesis in the 
infarcted area. These findings indicate marrow stromal cells are adult stem cells 
with unique immunologic tolerance allowing their engraftment into a xenogeneic 
environment, while preserving their ability to be recruited to an injured myocar-
dium to form a stable cardiac chimera (Saito et al. 2002). Similarly, human MSCs 
engrafted into fetal lamb could persist in multiple tissues for as long as 13 months 
after transplantation. Transplanted human cells underwent site-specific differen-
tiation into chondrocytes, adipocytes, myocytes, cardiomyocytes, bone marrow 
stromal cells, and thymic stroma. Unexpectedly, there was a long-term engraft-
ment even when cells were transplanted after the expected development of immu-
nocompetence (Liechty et al. 2000). This is in contrast to the fact that fetal lambs 
develop the capacity to reject allogeneic skin grafts (Silverstein et al. 1964) and 
demonstrate allogeneic or xenogeneic hematopoietic engraftment failure (Zanjani 
et al. 1997) after 75 days of gestation. Thus, MSCs maintain their multipoten-
tial capacity after transplantation and seem to have unique immunologic char-
acteristics that allow persistence in a xenogeneic environment. It is tempting to 
hypothesize that such wide distribution of infused MSCs in the host may induce 
peripheral tolerance.

Another finding that may account for MSCs’ immunomodulation effect is that 
bone marrow stromal cells could migrate to the thymus after transplantation and 
thus may exert their immunomodulation effect there. This is first demonstrated by 
Li et al. (2000) who found donor-derived bone marrow stromal cells could migrate 
into the thymus and participate in the positive selection of T lymphocytes after 
bone marrow transplantation plus bone grafts. It therefore seems that bone mar-
row stromal cells may provide a scaffold for the adhesion of early T cells and, at 
least in culture, supply the appropriate stimuli for thymus precursor cell prolifera-
tion (BardaSaad et al. 1999). MSCs could secrete transforming growth factor-β1 
in vitro and transforming growth factor-β1 is a potent inhibitor of T-cell prolifera-
tion, both in IL-2- and IL-4-derived response (Ruegemer et al. 1990; Ahuja et al. 
1993; Fox et al. 1993). Transforming growth factor-β1 also significantly inhibited 
triple-negative (CD3−CD4−CD8−) thymocytes in vitro (Mossalayi et al. 1995). 
Thus, MSCs migrating to thymus may inhibit proliferation of T cell by secretion 
of transforming growth factor-β1.

Preclinical animal studies demonstrated that MSCs can prolong allograft sur-
vival and alleviate autoimmune disease. When donor MSCs were intravenously 
administrated to MHC-mismatched recipient baboons prior to placement of 
autologous, donor, and third-party skin grafts, MSCs led to prolonged skin graft 
survival when compared to control animals (11.3 vs. 7 days) (Bartholomew et al. 
2002). In a murine allograft system, we showed that allogeneic donor skins were 
successfully transplanted and have survived for more than 100 days without any 
rejection reaction with pre-infusion of donor MSCs (Han et al. 2003).
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Allogeneic bone marrow transplantation associated with bone grafts was found 
to be efficient in the treatment of autoimmune disorders, such as in the MLR/lpr 
mouse model of lupus (Ishida et al. 1994). In these experiments, stromal cells have 
been assumed to play a critical role as compared to hematopoietic stem cells. In 
order to determine the real impact of MSCs in these experiments, the adherent 
cells were removed from the total bone marrow samples before transplantation. 
In this case, 75 % of the treated animals died within 90 days. In contrast, com-
plementation of adherent cell-depleted bone marrow with stromal cells permitted 
the mice to survive 48 weeks and cured the autoimmune disease, suggesting that 
MSCs play a critical role in the complex immunoregulation of T- and B cells.

3.4  Applications of MSCs

3.4.1  GVHD

A potential application of MSCs in bone marrow transplantation is the preven-
tion and treatment of steroid-resistant GVHD. Severe GVHD is a life-threatening 
complication after HSC transplantation. Unfortunately, steroids, the first-line treat-
ment for GVHD, have a response rate of 30–50 %. In patients with severe steroid-
resistant acute GVHD, the overall survival is low (Deeg 2007). In a case report, 
a 20-year-old woman with high-risk acute myelogenous leukemia was trans-
planted with granulocyte colony stimulating factor-mobilized peripheral blood 
CD34+ hematopoietic stem cells and bone-marrow-derived MSCs from her HLA 
haplotype-mismatched father after myeloablative conditioning therapy. The patient 
engrafted rapidly and had no acute or chronic GVHD. Since transplantation, the 
patient has shown an enduring trilineage hematological complete response with-
out any evidence of leukemia relapse at 31 months (Beyth et al. 2005). Several 
pilot studies have shown the efficiency of MSCs in treating steroid-resistant acute 
GVHD (Ringdén et al. 2006; Fang et al. 2007; Fang et al. 2006). These findings 
were confirmed by a phase II study (Le Blanc et al. 2008). Recently, Weng et al. 
(2010) reported that MSCs derived from HLA-identical sibling donors or HLA-
disparate third-party donors were also effective as a salvage therapy for refractory 
chronic GVHD.

3.4.2  Organ Transplantation

MSCs may also offer therapeutic opportunities in organ transplantation by inhibit-
ing T-cell proliferation, cytotoxic T-cell activity, B-cell activation, and differentia-
tion and DC maturation and thereby blunting the effector arm of the alloresponse. 
In a baboon skin transplant model, a single intravenous administration of donor-
type MSCs into MHC-mismatched recipients resulted in significant prolonged 
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graft survival (Bartholomew et al. 2002). In a mouse transplant model, intra-
portal administration of MSCs extended heart allograft survival from 10 days in 
untreated controls to a median survival time of 40 days, with 33 % of MSC-treated 
recipients showing long-term tolerance (Casiraghi et al. 2008). Ding et al. (2009) 
showed that MSCs protected islet allografts from rejection. In the life-sustaining 
mouse islet allograft model, the allogeneic islets were rejected within 30 days. 
Surprisingly, administration of MSCs prevented rejection and led to long-term 
normoglycemia. In a recent report, 1 and 2 × 106 MSC/kg recipient body weights 
were infused at the time of renal transplantation and at two weeks of post–trans-
plant, respectively. Preliminary results indicate that induction therapy with MSC 
appears to be equally effective as Basiliximab in the prevention of acute rejection 
and is associated with better clinical outcomes as far as early renal graft function 
and rate of infections (Tan et al. 2012). In an other pilot study, donor-derived bone 
marrow MSCs combined with a sparing dose of tacrolimus (50 % of standard 
dose) were shown to have a comparable effects with standard dose of tacrolimus 
in terms of acute rejection, graft function, and patient and graft survival within 
12 months after kidney transplantation (Peng et al. 2013).

3.4.3  Chronic Inflammatory Autoimmune Diseases

MSCs have shown promise in exerting an anti-inflammatory immunomodula-
tory role in some autoimmune disease with little evidence of toxicity. They are 
effective for the treatment of autoimmune disease in various animal models, 
such as systemic lupus erythematosus (SLE), autoimmune enteropathy, autoim-
mune encephalomyelitis, autoimmune type 1 diabetes, and autoimmune rheu-
matic diseases (Parekkadan et al. 2008; Zappia et al. 2005; Fiorina et al. 2009; 
Sun et al. 2009). Clinical studies for refractory SLE patients using allogeneic 
MSCs demonstrated improvement in serological markers and renal function (Sun 
et al. 2009; Liang et al. 2010). Clinical trials with MSCs for diabetes and lupus 
nephritis are underway (http://clinicaltrials.gov/). Autologous BM-derived MSCs 
have been shown to be potently antiproliferative to stimulated T cells from both 
healthy donors and autoimmune patients (RA, systemic sclerosis, Sjoegren’s, 
SLE) (Bocelli-Tyndall et al. 2007). Interestingly, it was reported that functional 
abnormalities existed in BM-derived MSCs from both patients with SLE and 
MRL/lpr mice (Sun et al. 2007), which suggests that abnormal MSCs may con-
tribute to the development of SLE and allogeneic MSCs from healthy donors, 
may be superior to autologous ones in treating SLE. Recently, investigators also 
tried to treat Crohn’s disease with MSCs. Crohn’s disease is chronic inflammatory 
disorder of the gastrointestinal tract. Refractory patients do not respond to ster-
oids, immunosuppressive agents (e.g., azathioprine, 6-mercaptopurine and metho-
trexate), or anti-TNF therapy and suffer from a poor quality of life. Duijvestein 
et al. reported that autologous BM-derived MSC therapy in patients with refrac-
tory Crohn’s disease was promising. MSCs were infused intravenously at a target 

http://clinicaltrials.gov/
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dose of 1-2 × 106 cells/kg body weight. In eight patients treated, Crohn’s disease 
activity index scores improved in five patients, clinical response was seen in three 
patients at week 6 (Duijvestein et al. 2010). In another pilot study, 10 patients 
with fistulising Crohn’s disease were treated with autologous BM-derived MSCs 
(Ciccocioppo et al. 2011). MSCs were injected both into the lumen and the wall of 
the fistula tracks. Twelve months afterward, the sustained complete closure (seven 
cases) or incomplete closure (three cases) of fistula tracks with a parallel reduction 
of Crohn’s disease and perianal disease activity indexes (p < 0.01 for both), and 
rectal mucosal healing was achieved.

3.4.4  Conclusions and Future Directions

Ex vivo-generated MSCs might be useful in clinical situations in which engraft-
ment failure is high, such as human leukocyte antigen-mismatched sibling, 
matched unrelated donor marrow, and umbilical cord blood transplantation, and 
may decrease GVHD and facilitate the engraftment and proliferation of hemat-
opoietic progenitors. Reinfusion of MSCs aimed at exploiting immunoregula-
tory role might eventually be of relevance also in the setting of allografting with 
reduced conditioning regimens. The mechanism of its ability in immune treatment 
and its direct immunomodulatory therapeutic effect are not well understood and 
await further research. For example, although MSCs do not express MHC antigens 
at the time of in vitro culture, they are certain to express these antigens after they 
differentiate into committed cells in vivo. Why they still can stay in the host can-
not be explained by their lacking of immunogenicity. As MSCs may be expanded 
as many as 40 generations and result in an increase of more than 10,000 fold in 
number while still maintain their multipotent mesenchymal lineages capabil-
ity and phenotype, they are feasible for ex vivo implantation in clinical settings. 
Moreover, MSCs do not present alloantigen and do not require MHC expression 
to exert their inhibitory effect, suggesting that they can be derived from a donor 
irrespective of their MHC haplotype and be prepared as an “off-the-shelf” reagent 
for any patient.
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Abstract The generation of induced pluripotent stem cells (iPSCs) is a milestone in 
biomedical researches. With the iPS technology, mouse somatic cells could be repro-
grammed into a pluripotent state similar to that of embryonic stem cells (ESCs) by 
overexpression of only several defined transcription factors. This technology also ena-
bles the successful generation of human iPSCs from various human somatic cells and 
therefore avoids the ethical conflicts of ESCs that are derived from human embryos. 
The iPSCs generated from somatic cells of patients are generally considered to be 
free of immune rejection in autogenous transplantation therapy, thus they hold great 
therapeutic potential for producing personalized regenerative medicine. Besides, the 
autologous iPSCs from patients and the subsequent differentiation can be directly 
used for the disease modeling and drug screening in dishes. Though holding invalu-
able therapeutic potential, the iPS technology also faces some challenges such as 
immunogenicity, oncogenicity, in vitro differentiation propensities, and genome or 
epigenome integrities, which must be carefully evaluated before clinical translation. 
In this chapter, we briefly summarize the history and progress of the iPSC researches 
and the application of iPSCs in regenerative medicine and disease modeling.

Keywords Stem cell · Induced pluripotent stem cell · Regenerative medicine

4.1  Introduction

ESCs are cells derived from the inner cell mass (ICM) in blastocyst, which can 
maintain self-renewal in certain condition in vitro and have the pluripotency to 
differentiate into cells of all the three germ layers (Yamanaka 2012). The mouse 

Y. Mao · Y. Wang · L. Wang · Q. Zhou (*) 
State Key Laboratory of Reproductive Biology, Institute of Zoology,  
Chinese Academy of Sciences, 1 Beichen West Road,  
Chaoyang District, Beijing 100101, People’s Republic of China
e-mail: qzhou@ioz.ac.cn



86 Y. Mao et al.

embryonic stem cells (ESCs) were generated by Evans MJ and Martin GR in 1981 
(Evans and Kaufman 1981; Martin 1981).

Cell reprogramming refers to the conversion of the somatic cell type to pluripo-
tent cell type, the study of which originated from a theory proposed by Spemann 
that a differentiated nucleus could still be totipotent. In his book, the concept of 
nuclear transfer (NT) was first proposed (Speman 1938). In 1952, Briggs and King 
accomplished NT and first produced normal swimming tadpoles of Rana pipi-
ens by transplanting the nuclei of blastula embryos into enucleated eggs of frogs 
(Briggs and King 1952). However, they found that transplantation of the nuclei of 
gastrula embryos which were only slightly older than blastula ones failed to pro-
duce normal embryos and concluded that there probably existed irreversible pro-
cess inside the nuclei during cellular differentiation (Briggs and King 1957). 
However, in 1962, the British scientist John B. Gurdon successfully got cloned 
frog from fully differentiated cells, demonstrating that the somatic nuclei still held 
the developmental potency as embryonic nuclei. The first successful somatic cell 
nuclear transfer (SCNT) in the world initiated the reprogramming research, which 
was later explained by the discovery that the differentiation process only involved 
changes in the nuclear gene expression rather than the genome integrity. Another 
milestone of SCNT was the birth of Dolly in 1996 (Campbell et al. 1996), which 
was the first clone mammal obtained by transferring the nuclei of cultured mam-
mary gland cells from an adult sheep to enucleated eggs from another sheep by 
I. Wilmut et al. This event first confirmed the pluripotency of mammalian nuclei. 
Then, in 2007, Byrne JA and his colleagues derived rhesus macaque embryonic 
stem cell lines from adult skin fibroblasts by SCNT (Byrne et al. 2007). All of the 
above events have given people the hope that one day we could clone ourselves; 
however, this idea could not be carried out for ethical issues. Many efforts have 
failed in generating human ntES cells. Eventually, in 2013, the group of Shoukhrat 
Mitalipov succeeded in producing human ntES cell lines by optimizing SCNT pro-
tocols. The efficiency of obtaining specific differentiated types of cells is important 
when it comes to therapeutic application of SCNT.

Besides SCNT, many other kinds of reprogramming procedures emerged, 
including cell fusion (Harris 1967; Pomerantz and Blau 2004), induction of pluri-
potency by defined transcription factors, and direct reprogramming (Weintraub 
et al. 1989; Xie et al. 2004; Orkin and Zon 2008). Cell fusion is another way to 
reprogram cells. During this process, two somatic cells are fused to be a multinu-
clear cell or heterokaryons, in which the two nuclei are separated by a cell divi-
sion inhibitor. In the heterokaryons, the more dominant nuclear can reprogram the 
other nuclear by imposing its own pattern of gene expression on the other one. As 
early as 1967, Harris H. introduced a mature hen erythrocyte into a Hela cell and 
this resulted in nuclear reactivation (Harris 1967). Several years later, Pomerantz 
and Blau (2004) fused a human liver cell with a multinucleated muscle cell. 
Besides, some scientists fuse various somatic cells with embryonic carcinoma 
cells (Solter 2006), embryonic germ cells (EG) (Tada et al. 1997, 2003), or ES 
cells (Tada et al. 2001, 2003; Cowan et al. 2005; Yu et al. 2006) and these resulted 
in reprogramming the somatic cell nuclei to a pluripotent state.
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Here, we refer to direct reprogramming. As early as 1989, Weintraub H et al. 
turned pigment, nerve, fat, liver, and fibroblast cells into muscular cells by forced 
expression of the MyoD gene, a master regulatory gene for myogenesis (Weintraub 
et al. 1989). Xie et al. (2004) succeeded in switching B cells to macrophages by 
forced expression of C/EBP α and C/EBP β. In 2006, Shinya Yamanaka made a 
groundbreaking discovery that won him the Nobel Prize 6 years later. He turned 
mouse embryonic fibroblasts (MEF) into stem cells named induced pluripotent 
stem cells (iPSC) by the overexpression of 4 transcription factors, Oct4, Sox2, 
Klf4, and c-Myc (Takahashi and Yamanaka 2006). To detect transcriptional fac-
tors that can reprogram somatic cells into pluripotent cells like ESCs, Yamanaka 
(Tokuzawa et al. 2003) started a screen for factors within a pool of 24 pluripo-
tency-associated embryonic factors. When introduced all these 24 factors, MEF 
turned out to be ESCs-like. And then, after rounds of elimination of individual 
factors, finally Yamanaka got iPSCs from mouse fibroblasts by overexpression 
of only four defined transcription factors (Takahashi and Yamanaka 2006). Their 
pluripotency of iPSCs has been confirmed by chimeric experiment (Okita et al. 
2007) and tetraploid complementation experiment (Zhao et al. 2009; Boland et al. 
2009). Subsequently, iPSCs have also been generated from rat (Buehr et al. 2008), 
monkey (Liu et al. 2008), pig (Esteban et al. 2009), dog (Koh et al. 2010), rabbit 
(Honda et al. 2010), and human (Takahashi et al. 2007; Yu et al. 2007) by similar 
approaches.

The iPS technology has great therapeutic potential as a regenerative source of 
patient-specific cells. For one thing, we can use iPSCs to achieve custom-tailored 
cell therapy, in which defective cells are being replaced by normal cells derived 
from other types of cells, and finally derive replacement brain, heart, pancreas, 
or other types of cells from more accessible organs such as the skin and urine of 
the patient while avoiding immunological rejection. For another, we can use these 
cells to build disease models for disease research and drug screening. In 2012, 
John B. Gurdon and Shinya Yamanaka shared the Nobel Prize for physiology or 
medicine for their discovery that mature cells can be reprogrammed to stem cells.

Many researchers have carried out the preclinical studies of iPS technology and 
overcome various obstacles. First is the integration of iPSCs. Human iPSCs were 
generated by viral vectors such as lentivirus and retrovirus, which led to the inte-
gration of the exotic transcript factors into the genome and therefore may cause 
tumors and genome instability. Then, several non-integration techniques have 
emerged to solve this problem, such as using plasmids or adenovirus vectors, 
and using proteins or mRNAs encoded by the reprogramming factors, but they 
turned out to be inefficient. Second is immunogenicity of iPSCs. As was reported 
by Zhao et al., some of iPSC-derived differentiated cells can give rise to T cell-
dependent immune response in allogeneic and even syngeneic recipients. Third 
is the insufficient reprogramming of iPSCs as was reported by several studies of 
gene expression, epigenetic modification, and differentiation. This part will be dis-
cussed in the section below.

Therefore, before clinical translation, the genome or epigenome integrities, 
immunogenicity, oncogenicity, and in vitro differentiation propensities of iPSCs 
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must be evaluated objectively. And a specific safety assessment criteria system 
must be proposed for this new style of therapy. Below, we will review the char-
acteristics of iPSCs, the development of iPS technology and theory, and discuss 
recent advances in the potential therapeutic application of iPSCs in mammalian 
systems including mouse, rat, monkey, and human.

4.2  Characteristics of iPSCs

iPSCs show morphology and proliferation characteristics similar to those of ESCs 
in ES medium. They can permanently proliferate, self-renew, and have potential to 
differentiate into cells of all the three germ layers. The properties of mouse iPSCs 
are shown below.

•	 Morphology
 iPSCs have morphology indistinguishable from ESCs. The iPS clones are 

domed and have large nucleoli and scant cytoplasm. All cells inside the clone 
come from one single cell. The surfaces of the clones are soft, and it is hard to 
distinguish one single cell from another inside the clone.

•	 Permanently proliferation and self-renewal
•	 iPSCs can maintain a pluripotent and self-renewal state by LIF/STAT3-

dependent signaling, which is similar to ESCs. iPSCs can be cultured in ES 
mediums such as serum-free medium of ES, N2B27 medium with the addition 
of leukemia inhibitory factor (LIF), and two inhibitors (2i): PD0325901 (MEK 
inhibitor) and CHIR99021 (GSK3β inhibitor).

•	 Expression of pluripotent markers
 iPSCs express ESC markers, including Oct4, Nanog, Sox2, Fgf4, Dppa3, and 

SSEA-1. Besides, they are positive for alkaline phosphatase and have high tel-
omerase activity. The epigenetic characteristics of iPSCs are shown below. The 
promoters of Oct4 and Nanog show increased acetylation of histone H3 and 
decreased dimethylation of lysine 9 of histone H3, which means that the Oct4 
and Nanog are both activated.

•	 In vitro and in vivo differentiate into all three germ layers
 iPSCs have pluripotency to differentiate into cells of all the three germ layers 

both in vitro and in vivo. In the teratoma formation experiment, iPSCs can gen-
erate teratomas that contain all three germ layers including neural tissues, car-
tilage, and columnar epithelium when subcutaneously injected into nude mice. 
Then, in the in vitro differentiation experiment, firstly the iPS clones become 
embryoid bodies (EBs) in non-coated plastic dishes, and then, the EBs are 
grown in tissue culture dishes and they attach to the bottom and differentiate. 
Several days later, markers of all three germ layers can be detected.

•	 Contribution to germ line in chimera organisms
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 A more convincing experiment to test pluripotency of stem cells is chimera for-
mation. Being equivalent to mouse ESC, iPSC microinjected into blastocysts 
has the ability to contribute to germ line of chimeric mice (Okita et al. 2007).

•	 Tetraploid complementation
 The most stringent assay to test pluripotency is the tetraploid complementa-

tion experiment. In this assay, 4N blastocysts are obtained by electric fusion of 
2-cell embryo and can only develop into placentas. Then, the iPSCs are injected 
into the tetraploid blastocysts. Therefore, any viable mouse obtained totally 
come from the injected iPSCs. In 2009, group of Qi Zhou and Kristen Baldwin 
conducted the tetraploid complementation experiment of mouse iPSCs and suc-
ceeded in obtaining viable mice (Zhao et al. 2009; Boland et al. 2009). The 
result confirmed the sincere pluripotency of mouse iPSCs for the first time in 
the world and provided a solid theoretical foundation for the application of iPS 
technology.

 And as previously reported by Liu et al. in 2010, the activation state of the 
imprinted Dlk1-Dio3 region correlates with pluripotent levels of mouse ESCs 
and iPSCs (Liu et al. 2010). This region starts with Dlk1 and ends with Dio3, 
which is activated in fully pluripotent mouse ESCs or iPSCs while repressed in 
partially pluripotent ones.

Equivalently, the iPS reprogramming process was shown to work in human cells, 
and human iPSCs were derived from adult human dermal fibroblasts (HDF) in 
2007 using human OSKM transcription factors (Takahashi et al. 2007). Human 
iPSCs are similar to human ESCs in morphology, proliferation, pluripotent mark-
ers, epigenetic status of pluripotent cell-specific genes, gene expression, and tel-
omerase activity. Besides, they can differentiate into all three germ layers in vitro 
and in teratomas. Because of the ethical issues, chimera formation and tetraploid 
compensation assays cannot be conducted.

However, as reported, human iPSCs were not identical to human ES cells. DNA 
microarray analyses have detected differences between them. Further studies are 
essential to answer the question whether human iPSCs represent is an alternative 
source in medical applications.

4.3  Development of iPS Technology and Theory

In 2006, Takahashi and Yamanaka got iPSCs from mouse fibroblasts by overex-
pression of four defined transcription factors (Oct4, Klf4, Sox2, c-Myc) (Takahashi 
and Yamanaka 2006). Subsequently, iPSCs have been derived from other ani-
mals and humans (Takahashi et al. 2007; Yu et al. 2007) by similar approaches. 
Particularly, the human iPSCs can be generated by introducing OSKM (Oct4, 
Klf4, Sox2, c-Myc) (Takahashi et al. 2007) or Oct4, Sox2, Nanog, and Lin28 into 
somatic cells (Yu et al. 2007).
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However, there are lots of challenges before the clinical translation of iPSCs. 
Yamanaka et al. reported that the mouse iPSCs were not safe enough, and about 
20 % of chimeric mice derived from them developed tumors. The same question 
also existed in human iPSCs. In October 2007, Yamanaka et al. reported that they 
generated human iPSCs from adult HDF and other somatic cells using the same 
approach as in mice. They found that each iPS clone contained 3–6 retroviral inte-
gration sites for each factor. That is to say, each clone had more than 20 retro-
viral integration sites in total, which may increase the risk of tumorigenesis. The 
tumors may be caused by, at least in part, the reactivation of the oncogene c-Myc 
retrovirus. This problem and the low reprogramming efficiency limit the applica-
tion of iPSCs in regenerative medicine. Hence, researchers have been modifying 
reprogramming protocols or creating other methods to avoid integrations into host 
genome and enhance the induction efficiency. Reprogramming methods have been 
rapidly improving over the last few years. Now, there are several ways to deliver 
or express the reprogramming factors, including non-integration virus vectors, 
dox-inducible expression systems, protein, mRNA, miRNA, and molecule com-
pounds that minimize or eliminate the risk of insertion into the host cell genome. 
Factor delivery methods for iPSC derivation are shown below.

Exactly the same day, Yamanaka et al. removed the oncogene c-Myc and finally 
got iPSCs from mouse and human fibroblasts (Takahashi et al. 2007). In this modi-
fied protocol, non-iPS background cells were fewer, and the iPSCs were consist-
ently of high quality. Importantly, mice derived from these iPSCs developed no 
tumor during the research. Besides, they could efficiently isolate iPS cells with-
out drug selection. Furthermore, by this approach, they generated human iPSCs. 
However, the efficiency of OSK is lower than that of OSKM both in mice and in 
human, and in human it was less than 0.001 %. Wernig et al. (2008) further demon-
strated that c-Myc was not indispensable during the induction of pluripotency from 
mouse fibroblasts. Their data showed that the three-factor-induced iPSCs developed 
fewer tumors than the four-factor ones. They also found that the reprogramming pro-
cess was largely delayed in the absence of c-Myc and the efficiency was similarly 
low as it was in human. The presence of c-Myc can promote the establishment of 
three endogenous pluripotency genes Oct4, Nanog, and Sox2. As reported in 2007, 
Marius Wernig et al. suggested that exogenous c-Myc increased the fraction of repro-
grammed cells and quickened the overall process probably by accelerating stochastic 
events leading to the generation of iPSCs. One major function of c-Myc is enhancing 
proliferation; hence, other non-oncogenic reprogramming factors possessing similar 
function or growth factors maybe can replace c-Myc.

Researchers also have been sparing no effort in enhancing efficiency. On July 
2008, Danwei Huangfu et al. discovered small-molecule compounds to improve 
reprogramming efficiency during the induction of pluripotent stem cells from 
mouse fibroblasts (Huangfu et al. 2008). They used several DNA methyltrans-
ferase and histone deacetylase (HDAC) inhibitors which could improve the repro-
gramming efficiency of SCNT by 2–5-fold. Particularly, valproic acid (VPA), an 
HDAC inhibitor, improved the efficiency by at least 100-fold when using Oct4-
GFP reporter, and was up to 11.8 ± 2.2 %. It also allowed reprogramming without 
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c-Myc and increased the efficiency by 50-fold. Then, soon after, this group gen-
erated between 1 and 5 human iPS cell lines out of every 100,000 BJ or NHDF 
cells by only Oct4, Sox2 and VPA, the efficiency of which was similar to the pre-
vious result of human iPSCs transfected by three factors (Oct4, Sox2 and Klf4). 
In the same year, Yan Shi et al. set out a phenotypic screening for compounds 
from a library of about 2000 known small molecules and finally generated mouse 
iPSCs by two small molecules (BIX-01294 and BayK8644) and the transfec-
tion of Oct4 and Klf4 (Shi et al. 2008). The BIX-01294 (BIX) is a G9a histone 
methyltransferase (G9a HMTase) inhibitor, and the BayK8644 is an L-channel 
calcium agonist. The former causes epigenetic modifications directly while the lat-
ter indirectly. In 2010, Xu Yuan et al. reported a new molecule, a protein arginine 
methyltransferase inhibitor AMI-5, combining with a transforming growth fac-
tor (TGF)-β inhibitor A-83-01 and the transfection of Oct4 succeeded in getting 
mouse iPSCs (Esteban et al. 2010). And such iPSCs produced viable pups through 
tetraploid complementation assays. In 2011, Jai-Hee Moon et al. showed that 
Bmi1, which leads MEFs to transdifferentiate into NSC-like cells, combining with 
Oct4 can reprogram MEFs into iPSCs (Moon et al. 2011).

These discoveries demonstrated that the epigenetic modification may be a sig-
nificant process during the generation of iPSCs and encouraged researchers to 
screen small molecules to increase the reprogramming efficiency and even replace 
one to several reprogramming factors. Surprisingly, Deng’s group used only 7 
small-molecule compounds and finally generated mouse iPSCs, the efficiency of 
which was up to 0.2 %. They used Forskolin, 2-methyl-5-hydroxytryptamine, and 
D4476 as a replacement for Oct4 and another combination called “VC6T” [VPA, 
CHIR99021, 616452, tranylcypromine] to finish the induction process. The effect 
of small molecules was reversible and could be turned by concentrations change. 
Moreover, they are cell permeable, non-immunogenic, and more cost-effective; 
and easily synthesized, preserved, and standardized.

In 2008, group of Stadtfeld (2008) and group of Shinya Yamanaka (Okita et al. 
2008) generated non-integrating mouse iPSCs. Matthias Stadtfeld introduced non-
integrating adenoviruses which transiently expressed OSKM into mouse fibro-
blasts or liver cells and obtained iPSCs. The replication-incompetent adenovirus 
vectors consisted of the cDNA of OSKM and the hCMV IE (human cytomegalovi-
rus immediate early) promoter. The same day, Shinya Yamanaka et al. introduced 
two expression plasmid vectors repeatedly into mouse fibroblasts and also got 
non-integrating iPSCs. They constructed two plasmids: One is the pCX-OKS-2A 
plasmid containing the cDNA of OKS (in order), CAG constitutively active pro-
moter (Niwa et al. 1991), and 2A self-cleaving peptide from the foot-and-mouth 
disease virus (Hasegawa et al. 2007; Hsiao et al. 2008); the other is the pCX-M 
plasmid containing the cDNA of c-Myc and CAG constitutively active promoter. 
PCR assay and Southern blot analysis showed no integration into host genome 
in iPSCs from both two groups. However, the induction efficiency of transient 
expression was relatively low. The major problem of the two transient expression 
systems above, however, was lower induction efficiency caused by the reduction in 
reprogramming factors expression after cell proliferation.
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Subsequently, piggybac (PB) transposon and Cre/Loxp were applied to delete 
reprogramming factors. PB transposon is derived from moth and is highly active in 
mice and mammal cells and had been applied to gene mutation and delivery (Ding 
et al. 2005; Wu et al. 2006; Cadiñanos and Bradley 2007). Kosuke Yusa et al. used 
this system for two main reasons: (1) DNA fragments as huge as 10 kb can be 
transposed while keeping the same transposition efficiency; (2) it causes no muta-
tions upon removal from the host genome. In 2009, they use the PB transposon to 
deliver the OSKM and reprogrammed mouse fibroblasts into iPSCs with efficiency 
equal to retrovirus (Yusa et al. 2009). The PB transposon vector contained PB 
transposon, constitutively active CAG promoter, OSKM, or OSKML linked to 2A 
from foot-and-mouth disease virus and Thosea asigna virus. Besides, in this exper-
iment, they found that VPA could not enhance reprogramming efficiency, unlike 
previous result reported by Huangfu et al. (2008), while Lin28 could enhance, 
which was in accord with previous report. Soon after that, Knut Woltjen et al. 
demonstrated efficient generation of mice and human iPSCs using doxycycline-
inducible transcription factors delivered by PB transposition (Woltjen et al. 2009). 
Otherwise, Frank Soldner et al. use Cre/Loxp system to excise TFs and succeeded 
in derivation of human iPSCs from five Parkinson’s disease (PD) patients (Soldner 
et al. 2009).

In 2009, Robert L Judson et al. used miRNA combination of miR-291-3p, 
miR-294, and miR-295 and the transfection of OSK increased the reprogramming 
efficiency. These miRNAs are downstream effectors of c-Myc and can replace c-
Myc during reprogramming. Better than cMyc, however, the miRNAs induced a 
homogeneous population of iPS cell colonies. In 2011, Frederick Anokye-Danso 
et al. only used miR302/367 cluster to reprogram mouse and human somatic cells 
to iPSCs without transfection of TFs and its efficiency showed two orders of mag-
nitude over standard OSKM protocols (Anokye-Danso et al. 2011). The effect of 
miRNAs is higher than that of TFs because they do not need protein translation 
which causes a faster response on protein expression by suppression of mRNA 
translation and its stability. Besides, miRNAs generally target scores or hundreds 
of mRNAs that coordinate expression of many different proteins, which can rap-
idly impose a dominant phenotypic change in cell identity.

The same day, in 2009, two groups generated unintegrated iPSCs by a different 
approach. Yu et al. 2009 obtained human iPS cells using non-integrating episomal 
vectors. Zhou et al. (2009) generated mouse iPSCs using recombinant cell-pen-
etrating reprogramming proteins. Furthermore, Hyun-Jai Cho et al. got mouse 
iPSCs reprogrammed by recombinant proteins (Kim et al. 2009). Soon, Dohoon 
Kim generated human iPSCs by direct delivery of reprogramming proteins (Cho 
et al. 2010).

In 2009, Noemi Fusaki et al. efficiently got transgene-free human iPSCs using 
Sendai virus (SeV) (Fusaki et al. 2009), an RNA virus that does not alter the host 
genome. SeV-derived transgenes were diluted after cell division. Besides, SeV can 
be erased easily by antibody-mediated negative selection using cell surface marker 
HN expressing on SeV-infected cells. Subsequently, in 2010, Yakubov et al. got 
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human iPSCs from human foreskin fibroblasts by mRNAs of OSKM (Yakubov 
et al. 2010). This RNA-induced protocol provided a new way to reprogramming 
without DNA vectors. Recently, these two approaches are widely used for their 
high reprogramming efficiency.

The above development of iPS field demonstrates that genome integration or 
the continued presence of exogenous reprogramming factors is dispensable for 
reprogramming human somatic cells to pluripotent state (Table 4.1). The progress 
in this field paves the way for human iPSCs to clinical application.

4.4  Potential Application of iPSCs in Disease Treatment

One of the ultimate goals of regenerative medicine is to obtain autologous organs 
in vitro and make them work when transplanted into patients and therefore cure 
the diseases. The idea of using stem cells for cell replacement therapy and disease 
models dates back to the generation of human ESCs in 1998 (Thomson et al. 1998) 
because of their potency to produce cells of all the three germ layers. While the 
human induced pluripotent stem cells have potential for clinical application in the 
same way. However, challenges must be addressed before the clinical application 
of human iPSCs. The application has two aspects: cell-based disease models and 
cell replacement therapy. Here, we will review recent progress in these two fields.

Cell-based disease models are cell lines in vitro which mimic human diseases 
using cells. We use these models to better understand, diagnose, and treat human 
disease, as well as did preclinical analysis of drug candidates. Utilizing human 
iPSCs to simulate diseases has two steps: deriving disease-specific iPSCs from 
accessible tissues of patients and in vitro differentiation into disease-specific cells.

Table 4.1  Methods to generate iPSCs and their efficiencies

Note the meanings of acronyms are showed here: O OCT4, S SOX2, K KLF4, M c-MYC, L 
LIN28, N NANOG, and VPA valproic acid

Vector Factors Approximate efficiency (%)

Retrovirus OSKM, OSK, OSK + VPA, or OS + VPA 0.001–1

Lentivirus OSKM or miR302/367 cluster + VPA 0.1–1.1

Inducible lentivirus OSKM or OSKMN 0.1–2

loxP-flanked lentivirus OSK 0.1–1

Adenovirus OSKM 0.001

Sendai virus OSKM 1

Transposon OSKM 0.1

Episomal plasmid OSNL 0.001

Protein OS 0.001

Modified mRNA OSKM or OSKML + VPA 1–4.4

MicroRNA miR-200c, miR-302s or miR-369s 0.1
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Various human iPSCs have been generated from accessible tissues of patients 
with specific diseases. In 2008, In-Hyun Park and his colleagues generated 
 disease-specific iPSCs from patients with genetic diseases, including PD, Down 
syndrome (DS)/trisomy 21, Huntington disease (HD), and juvenile-onset, type 1 
diabetes mellitus (JDM) (Park et al. 2008). Besides, many reports about animal 
iPSCs demonstrated the therapeutic potential of iPSCs. Particularly, mouse iPSCs 
can differentiate into hematopoietic (Hanna et al. 2007; Schenke-Layland et al. 
2008; Xu et al. 2009), cardiovascular (Schenke-Layland et al. 2008; Narazaki 
et al. 2008; Kuzmenkin et al. 2009), neural (Wernig et al. 2008), hepatic progeni-
tor cells (Cantz et al. 2008), and so on. What is more, iPSCs have been used for 
restoration of physiological function of disease tissues in vivo. The applications of 
iPSCs in various diseases are reviewed as follows. Figure 4.1 shows cell therapy 
using patient-specific iPSCs in the future. First, the somatic cells of patients are 
reprogrammed to iPSCs, the gene of which will be repaired by gene editing tech-
nologies. And the healthy iPSCs are differentiated into functional somatic cells of 
certain type which can rescue the diseases after transplantation.

Fig. 4.1  Schematic overview of iPSC-based cell therapy. Patient autologous iPSCs are derived 
and directly differentiated into neural cells, hepatocytes, or myocytes, etc. and are further trans-
planted back into the patient
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4.4.1  iPSCs and Hematological Diseases

4.4.1.1  Sickle Cell Anemia

In 2007, Hanna et al. grafted autologous iPSC-derived hematopoietic progenitors 
into a humanized sickle cell anemia mouse model and finally rescued the mice 
(Hanna et al. 2007). They first reprogrammed patient fibroblasts into iPSCs by ret-
rovirus transfection of OSKM. Then, homologous recombination technology was 
used to correct the sickle hemoglobin gene of iPSCs. The iPSCs were differenti-
ated into hematopoietic progenitors in vitro. Subsequently, they graft the autolo-
gous corrected iPSCs into patients after irradiation.

In 2011, several groups corrected patient-specific iPSCs by gene targeting mod-
ification technologies. Zou et al. corrected the sickle cell disease mutation with 
2 mutant β-globin alleles of patient-specific iPSCs by homologous recombination 
using ZFN. Another group of Vittorio Sebastiano achieved in situ correction of the 
sickle cell anemia mutation in patient iPSCs using ZFN (Sebastiano et al. 2011).

4.4.1.2  Hemophilia A

Hemophilia A is a congenital bleeding disease and is caused by genetic deficiency 
in clotting factor VIII. In 2009, endothelial cells derived from mouse iPSCs were 
injected directly into the liver of irradiated hemophilia. Mice extended their sur-
vival for more than 3 months and rescued depleted plasma FVIII levels (Xu et al. 
2009). In 2014, Jia et al. used patient-specific iPSCs from urine cells and mod-
eled the hemophilia A (Jia et al. 2014). They produced iPSCs from urine cells of 
HA patients by integration-free reprogramming approach using episomal vectors 
containing Oct4, Sox2, Klf4 and SV40LT. Then, the iPSCs were differentiated into 
hepatocyte-like cells (HLCs) which functioned normally but produced no FVIII. 
Such cells recapitulated the phenotype of hemophilia A. This report used non-
integration reprogramming approach and derived iPSCs from urine cells, a very 
accessible resource. Future study will focus on gene correction and cell replace-
ment therapy.

4.4.1.3  Fanconi Anemia

Fanconi anemia (FA) is an autosomal recessive blood disorder with a frequency 
of 1/350,000 births, which is caused by a genetic defect in DNA repair-associated 
protein clusters (Moustacchi 2003). FA is characterized by progressive aplastic 
anemia, pancytopenia, and various congenital malformations. All of these symp-
toms are noted predispositions to acute myeloid leukemia.

In 2009, Raya et al. obtained genetic-corrected FA-specific iPSCs from 
patients (Raya et al. 2009). The primary dermal fibroblasts or skin cells from sev-
eral patients were reprogrammed either with or without genetic correction with 
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lentiviral vectors of FAND2 or FANCA. In their improved induction protocols, 
somatic cells underwent two-round infection with retrovirus encoding OSKM 
based on mouse stem cell virus. And they demonstrated that the iPSCs that were 
reprogrammed from somatic cells after gene correction could differentiate into 
haematopoietic progenitors of the myeloid and erythroid lineages. And such cells 
have normal phenotypes similar to healthy ones. However, the iPSCs were not 
integration free and failed to recapitulate the FA phenotypes at cell level.

Most recently, in 2014, Liu et al. succeeded in generating integration-free FA-
specific iPSCs from fibroblasts of a patient (Liu et al. 2014). The patient had a 
biallelic truncating mutation in the FANCA gene. They reprogrammed the somatic 
cells by episomal vectors encoding Oct4, Klf4, Sox2, L-Myc, Lin28, and p53 
shRNA. This group either in situ corrected the patient-specific iPSCs or generated 
isogenic FA-deficient human ESCs. Furthermore, such iPSCs and ESCs and their 
derivatives could recapitulate the FA phenotypes at cell level. Such model can 
apply for drug screening.

4.4.1.4  Engineered Blood Vessels

Generating functional tissues is the ultimate goal of regenerative medicine. In 
2013, Samuel et al. successfully obtained functionally competent and durable arti-
ficial blood vessels using human iPSCs (Samuel et al. 2013). In their experiments, 
they used three markers (CD34, neuropilin 1, and human kinase insert domain-
containing receptor) to select endothelial precursor cells from human iPSCs 
of healthy donors. And they subsequently used an efficient 2D culture system 
to facilitate the cell expansion of the endothelial precursor cells. Such endothe-
lial precursor cells formed functional blood vessels and stayed in mice for as 
long as 280 days. Besides, they generated mesenchymal precursor cells from the 
same human iPS cell line and also got functional blood vessels using the iPSC-
derived mesenchymal precursor cells. The stability of these engineered blood ves-
sels showed application potential in long-time generation of vascular for tissue 
engineering and therapy of vascular diseases. Besides, this group also generated 
endothelial precursor cells and mesenchymal precursor cells from type 1 diabetic-
specific iPSCs and obtained blood vessels in vivo.

4.4.2  iPSCs and Cardiovascular Diseases

4.4.2.1  Long QT Syndrome

Long QT syndrome (LQTS) is a rare genetic cardiovascular disease. The hearts of 
LQTS patients have delayed repolarization after a heartbeat, which creates prolon-
gation of the QT interval on an electrocardiogram, which increased the risk of tor-
sades de pointes (TDP). This disease is fatal for it may cause fainting, palpitations, 
and even sudden death.
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About 30–35 % of the disease cases are of LQTS type 1, which are caused 
by the mutation of Kcnq1 gene encoding the repolarizing potassium channel. 
The gene mediates the delayed rectifier IKs current. In 2010, Alessandra Moretti 
et al. derived patient-specific iPSCs from patients with LQTS type 1, who have 
autosomal dominant missense mutation in the Kcnq1 gene, using OSKM retrovi-
ral vector infection method (Kim et al. 2009). Then, they differentiated the iPSCs 
directly into functional cardiac myocytes. Such LQTS-specific cardiac myocytes 
demonstrated “ventricular,” “nodal,” or “atrial” phenotype. They discovered sig-
nificant prolongation of the duration of the action potential and proneness to cat-
echolamine-induced tachyarrhythmia in “ventricular” and “atrial” cells. Moreover, 
they reported that β-blockade could treat the symptom of catecholamine-induced 
tachyarrhythmia.

LQTS type 2 is the second commonest type and makes up approximately 
25–30 % of all the LQTS cases and is caused by the mutation of human ether-a-
go-go-related gene (hERG, also called Kcnh2). Subsequently, in 2010, Cho et al. 
generated patient-specific iPSCs from a patient of LQTS type 2 who was pos-
sessed of A614V missense mutation in the hERG gene (Cho et al. 2010). And they 
differentiated the iPSCs into cardiomyocytes and similarly discovered significant 
prolongation of the duration of the action potential which stemmed from a marked 
reduction of the cardiac potassium current IKr. Furthermore, the group applied 
such cardiomyocytes to assess existing and potential drugs.

4.4.3  iPSCs and Liver Diseases

Liver diseases are the 16th leading cause of death worldwide; and, liver trans-
plantation is necessary for liver failure. However, alternative tissue sources such 
as hepatic cell lines and fetal hepatocytes are hard to proliferate and do not show 
all hepatocyte phenotypes and functions. Large-scale-generation functional hepat-
ocytes from iPSCs hold large promise for research on liver development, drug 
metabolism and toxicity, host–pathogen interactions, and even cell replacement 
therapy for liver diseases.

iPSCs can be differentiated efficiently into HLCs which have phenotypic 
and morphologic features similar to hepatocytes by a stepwise and reproducible 
approach (Zhang et al. 2014). Furthermore, to establish in vitro conditions for 
iPSC-derived HLCs, which can model the diseases more precisely, some groups 
have been trying to recreate spatial organization and cell–cell interaction similar 
to the in vivo conditions. Schwartz et al. have optimized a microscale structure 
which can maintain some hepatocyte phenotypic functions for as long as sev-
eral weeks (Schwartz et al. 2014). Besides, three-dimensional coculture of adult 
hepatocytes with liver sinusoidal endothelial cells can maintain their phenotypes 
simultaneously.

Gene targeting modification technology can correct the mutant genes of the 
patient-specific iPSCs. In 2011, Yusa et al. achieved correction of α-antitrypsin 
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deficiency (A1at or Serpina1) in human iPSCs (Yusa et al. 2011). They use a com-
bination of zinc finger nucleases and piggybac technology to correct a biallelic 
point mutation in the α-antitrypsin. This report provided the potential of genetic 
correction in patient-specific iPSCs for autologous transplantation.

4.4.4  iPSCs and Spinal Cord Injury

Spinal cord injury (SCI) means any injury to the spinal cord caused not by disease 
but by trauma. In 2010, a study by Tsuji et al. suggested the potential applica-
tion of mouse iPSCs for SCI (Tsuji et al. 2010). They directly differentiated mouse 
iPSCs into neural spheres and pre-evaluated the tumorigenic activities of the cells 
by transplantation into brain of NOD or SCID mouse to screen the safe cells. 
The safe neural spheres can be differentiated in vitro into electrophysiologically 
functional neurons, oligodendrocytes, and astrocytes. When transplanted into the 
spinal cord nine days after contusive injury, the spheres produced all three neural 
lineages without tumor formation. Notably, the unsafe neural spheres during the 
pre-evaluation exhibited intense tumor formation activities and suddenly lost loco-
motor function after functional rescue in the mouse model. Furthermore, Satoshi 
Nori et al. transplanted human iPSC-derived neural spheres into SCI mouse model 
and recovered the motor function which persisted through the experiment period 
of 112 d. What is more, the mice developed no tumor.

4.4.5  iPSCs and Diabetes and Related Complications

Diabetes mellitus is a metabolic disease mainly defined by high blood sugar lev-
els for a long time. The symptoms are frequent urination, increased appetite, and 
thirst. It can cause many complications. There are three types of diabetes. Type 
1 diabetes is a major type of this disease, which is caused by the dysfunction of 
insulin-secreting pancreas cells. Type 2 diabetes is caused by insulin resistance, 
and type 3 diabetes is called gestational diabetes, which means pregnant women 
have high blood sugar levels. Until now, type 1 diabetes and type 2 diabetes cannot 
be truly cured. Upon the generation of patient-specific iPSCs, scientists have been 
trying to cure the type 1 diabetes using iPSCs.

In 2007, Jiang and his colleagues obtained insulin-secreting isletlike cell clus-
ters from human ESCs (Jiang et al. 2007). One year after the generation of human 
iPSCs, Keisuke Tateishi et al. succeeded in generating insulin-secreting isletlike 
cells from human iPSCs (Tateishi et al. 2008). The iPSCs were reprogrammed 
from skin fibroblasts by retroviral transfection of OSKM and then differentiated 
into insulin-secreting isletlike cell clusters through definitive and pancreatic endo-
derm. The cell clusters contained glucagon-positive and C-peptide-positive cells 
and secreted C-peptide in response to glucose stimulation. In 2009, Zhang et al. 
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improved the differentiation efficiency of human ESCs and iPSCs into mature 
insulin-secreting cells (Zhang et al. 2009). The same year, Maehr et al. generated 
iPSCs from patients with type 1 diabetes (Maehr et al. 2009). In 2011, Deng HK 
group first got pancreatic insulin-secreting cells from iPSCs of rhesus monkey 
(Zhu et al. 2011).

In 2010, Toshihiro Kobayashi et al. generated rat pancreas in mouse by inject-
ing rat wild-type iPSCs into mouse Pdx1−/− (pancreatogenesis-disabled) blasto-
cysts (Kobayashi et al. 2010). The above Pdx1−/− mice have functional pancreas, 
did not develop pancreatic insufficiency, and grew to adult.

4.4.6  iPSCs and Brain Diseases

4.4.6.1  Rett’s Syndrome

Rett’s syndrome (RTT), originally known as cerebroatrophic hyperammonemia, is 
a rare genetic progressive neurological disorder relative to the gray matter of the 
brain. This disease is characterized by small hands and feet, decreased rate of head 
growth (some patients suffer from microcephaly), impaired motor function such 
as repeated hand movements, degradation of developmental skills, seizures, and 
autistic disorder (Amir et al. 1999). It is caused by mutations in the X-linked gene 
MeCP2 which encodes methyl-CpG-binding protein 2 (Amir et al. 1999). In 2010, 
Maria C.N. Marchetto and his colleagues generated iPSCs from RTT patients and 
derived functional neurons from these iPS cell lines (Marchetto et al. 2010). Such 
RTT-specific neurons recapitulated early stage of RTT, which showed decreased 
spine density, fewer synapses, smaller soma size, impaired electrophysiology, 
and altered calcium signaling process. What is more, they also used such neu-
rons to screen drugs which could treat synaptic defects. And they confirmed that 
the mutation of MECP2 recapitulated the neuronal disease. This study was valu-
able because it suggested that presymptomatic defects may possibly serve as new 
markers of RTT, treatment in the early stage of development may be useful, and it 
facilitated drug screening.

4.4.6.2  Dravet Syndrome and Mild Febrile Seizures

70 % of Dravet syndrome, also known as severe myoclonic epilepsy of infancy 
(SMEI), mild febrile seizures or generalized epilepsy with febrile seizures plus, 
are caused by the mutation of SCN1A (Claes et al. 2001; Scheffer et al. 2009). 
This gene encodes the α1-subunit of the Nav1.1 voltage-gated sodium channel. 
The phenotypes of mild febrile seizures vary from classical mild febrile seizures 
which do not need treatment and SMEI which is the most rare and severe one. 
The SMEI is characterized by febrile seizures since the first year of an infant and 
the subsequent epilepsy, damaged psychomotor development and ataxia. What 
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is more, the disorder is always resistant to pharmacotherapy and its mechanism 
was not good to understand because of the difficulty in obtaining disease-specific 
neurons.

In 2013, Gao’s group succeeded in modeling them by the iPS technology and 
finally got patient-specific neurons (Jiao et al. 2013). They obtained such iPSCs 
from a patient with SMEI and another with mild febrile seizures. Subsequently, 
they generated functional glutamatergic neurons by differentiating the iPSCs of 
patient or direct reprogramming of fibroblasts into neurons, of which the function 
was confirmed by electrophysiological assays. Such neurons showed a hyperexcit-
able state. Significantly, such disease-specific iPSC-derived neurons could recapitu-
late the pathophysiology of the diseases and have response to an antiepileptic drug.

4.4.6.3  Parkinson’s Disease

iPSCs were also used for PD models. PD (also known as idiopathic or primary 
parkinsonism, hypokinetic rigid syndrome (HRS) or paralysis agitans) is one kind 
of degenerative disorders of the central nervous system. The death of dopamine 
neurons in the substantia nigra, a region of the midbrain, causes the motor symp-
toms of PD. An important obstacle to the research on this disease was the inacces-
sibility of diseased tissue. Thus, researchers in the stem cell field have been trying 
to figure out the disease mechanism and rescue the symptoms using iPSCs.

In 2008, it was reported by Wernig et al. that mouse iPSCs generated from 
fibroblasts using OSKM could be efficiently differentiated into neural precursor 
cells which can generate neuronal and glial cell types in vitro (Wernig et al. 2008). 
And after grafted into mouse fetal brain, the neural precursor cells could migrate 
to different parts of the brain and be differentiated into neuronal and glial cells, 
which have right morphology and electrophysiological function. Further assays 
were carried out to test whether such neural precursor cells could rescue PD. In an 
adult rat model of PD, midbrain dopamine (DA) neurons derived from iPSCs were 
transplanted into the brains and finally improved the behavior of the rats. Then, 
in 2009, Frank Solder and his colleagues produced PD-specific hiPSCs, which 
had no integration into host genome using Cre recombinase to excise external 
DNA (Soldner et al. 2009). This report demonstrated that the remaining transgene 
expression could change cellular molecular characteristics. Therefore, integration-
free hiPSCs are more suitable for modeling human diseases.

In the other hand, researchers have investigated genes involved in the PD 
using iPSCs. The α-synuclein dysfunction is critically related to PD, demen-
tia with Lewy bodies, and multiple system atrophy. Besides, it was reported that 
leucine-rich repeat kinase 2 (Lrrk2) regulated the progression of neuropathology 
induced by PD-related mutant α-synuclein, and Pink1 encoded a mitochondrial 
kinase which was related to the regulation of mitochondrial degradation. With the 
improvement of gene modification technology, specific gene mutant iPSCs were 
generated. In 2011, DA neurons derived from Lrrk2 mutant iPSCs were reported 
to be more susceptible to oxidative stress (Nguyen et al. 2011). In detail, these 
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DA neurons derived from LRRK2 mutant iPSCs demonstrated higher expres-
sion of key oxidative stress-response genes and α-synuclein protein. Such mutant 
iPSCs can be used to build sporadic PD model and screen drugs. Soon later, Philip 
Seibler et al. generated iPSCs from human skin fibroblasts of three PD patients 
who have nonsense or missense mutation of PINK1 gene (Seibler et al. 2011). 
DA neurons derived from the iPSCs exhibited increased mitochondrial copy num-
ber, upregulation of PGC-1, an important regulator of mitochondrial biogenesis, 
and decreased recruitment of lentivirally expressed Parkin to mitochondria dur-
ing mitochondrial depolarization. Significantly, these symptoms were rescued by 
lentiviral expression of wild-type PINK1. In the same year, another group gener-
ated PD-specific iPSCs with triplication of SNCA, gene encoding the α-synuclein 
(Devine et al. 2011). In their report, iPSC-derived DA neurons were generated 
from a patient with triplication of SNCA or an unaffected first-degree relative. The 
expression of α-synuclein from the patient was double that of the unaffected rela-
tive, which summed the cause of PD in these individuals.

More recently, Chee Yeun Chung et al. generated cortical neurons from iPSCs 
of patients with mutant α-synuclein, who were probable to develop PD demen-
tia, and identified and rescued α-synuclein toxicity in these neurons (Chung et al. 
2013). Finally, they found that the small molecule NAB2, and the ubiquitin ligase 
Nedd4 it affects, can rescue PD phenotypes in these neurons. Besides human 
iPSCs, human ESCs have been also used in the PD. Human ES-derived DA neu-
rons were efficiently grafted in animal models of PD.

4.4.6.4  Alzheimer’s Disease

Alzheimer’s disease (AD) is the commonest type of age-related dementia, the 
main symptoms of which are cognitive disturbance and progressive memory loss. 
They are familial AD (FAD) and sporadic AD (SAD). The mutations of preseni-
lin (PS) 1 and 2 can give rise to autosomal dominant early-onset FAD. In 2011, 
iPSC-derived neurons were generated from the fibroblasts of FAD patients with 
mutation in PS1 and PS2 (Yagi et al. 2011). These neurons exhibited higher amy-
loid β42 secretion, which recapitulated the molecular pathogenesis of mutant PS 
family genes. Moreover, secretion of amyloid β42 from these neurons violently 
responded to γ-secretase inhibitors and modulators, which indicated the potential 
for identification and validation of drugs. In 2012, the iPS technology made it pos-
sible to probe both familial and SAD (Israel et al. 2012). iPSC-derived neurons 
were generated from the primary fibroblasts of two patients with FAD caused by 
the duplication of the amyloid-β precursor protein (APP) gene, two patients with 
SAD, and two persons without AD for negative control. The results showed a 
direct relationship between APP proteolytic processing, but not amyloid-β, in tau 
phosphorylation and GSK-3β activation in neurons. Besides, neurons with the 
genome of one SAD patient exhibited the phenotypes seen in FAD ones. These 
results demonstrated that the iPS technology could be applied to observe pheno-
types of AD.
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4.4.6.5  Familial Dysautonomia

Familial dysautonomia (FD), also known as hereditary sensory and autonomic 
neuropathy type III or Riley–Day syndrome, is an autosomal recessive disorder of 
autonomic nervous system. It’s a severe disease that causes many deaths in infancy 
and childhood. The disease is caused by a single point mutation in IKBKAP gene 
(Slaugenhaupt et al. 2001) related to transcriptional elongation (Close et al. 2006). 
It is characterized by hypotonia, weak suck reflex, and hypothermia in newborn; 
retarded physical development, poor motor in coordination, and poor temperature 
in early childhood; and other symptoms including relative insensitivity to pain, 
reduction or absence of tears, absence of corneal reflex, depression of deep tendon 
reflexes, and postural hypotension (Axelrod 2002).

In 2009, Lee et al. first generated iPSCs from a FD patient by lentiviral vec-
tors encoding OKSM and differentiated them into peripheral neurons (Lee et al. 
2009). They discovered defects in the IKBKAP splicing, neurogenesis, and 
migration of neural crest precursors derived from the iPSCs above. Such neu-
ral crest precursors served as a useful model to explore the pathogenesis of FD. 
However, larger sets of FD-specific iPSCs are necessary to further confirm the 
phenotype of FD.

However, several challenges should be addressed in the future research. They 
are described as follows. First, a high yield of iPSC-derived neurons still need 
complicated differentiation procedures and prolonged culture period. Second, 
there still exists heterogeneity of differentiated neuronal cell types depending on 
the clonal variability and culture conditions in current protocols. Therefore, devel-
oping faster neuronal differentiation methods with minimal clonal variation is nec-
essary for future drug screening.

4.4.7  iPSCs and Eye Diseases

As is known, many kinds of blindness are caused by the dysfunction of retinal 
photoreceptors. Induced stem cells have potential to cure damaged retina follow-
ing injury or diseases.

As early as 2009, Hiramia et al. generated retinal cells from mouse and human 
iPSCs (Hiramia et al. 2009). In 2011, Zhou et al. achieved the differentiation of 
swine iPSCs into rod photoreceptors, which could integrate into the outer nuclear 
layer of the retina where photoreceptors resided (Zhou et al. 2011). Moreover, in 
2014, Zhong et al. generated 3D retinal tissue consisting of functional photore-
ceptors derived from human iPSCs (Zhong et al. 2014). The iPSCs they generated 
could spatiotemporally recapitulate every main step during the retinal develop-
ment process. Besides, they could form 3D retinal cups containing all the main 
retinal cell types which were properly arranged in their own layers. Notably, 
the photoreceptors were advanced mature and demonstrated the start of outer-
segment disk formation and photosensitivity. In 2014, Riazifar et al. generated 
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retinal ganglion cells from both human ESCs and iPSCs using chemically 
induced specification approach (Riazifar et al. 2014).

Amazingly, on June 26, 2013, world’s first human clinical application of iPSCs 
was approved by Japan government. Masayo Takahashi and his group at the Riken 
Center for Developmental Biology in Kobe had applied to a screening panel in 
February to go ahead with the clinical research. The study involved surgical trans-
plantations of patient-specific iPSC-derived retina cells that were planned to treat 
age-related macular degeneration, an intractable disease of the eyes in the summer 
of 2014 in Kobe.

4.4.8  iPSCs and Potential Cancer Therapy

Cancer, also called malignant tumor, is a group of fatal diseases. It led to about 
14.6 % or 8.2 million deaths of all human deaths, according to the World Cancer 
Report 2014 from World Health Organization (WHO).

How can human iPSCs treat cancer? The potential value of this technology in 
cancer treatment may be shown in three aspects.

First is drug screening. We can generate human iPSCs from the cancer cells 
and use such iPSCs to screen agents targeting cancer cells. Second is immune 
therapy (Yang and Baltimore 2005). It is reported that human iPSCs derived from 
T lymphocytes maintained the pre-rearranged T cell receptor gene (Brown et al. 
2010; Loh et al. 2010). Thus, suppose we extract large numbers of T cells that 
carry specificity against certain tumor antigens from cancer patients and gener-
ate iPSCs; furthermore, we differentiate these iPSCs into T cells with active func-
tion and transplant such autologous T cells into the patients. However, one vital 
problem of this method is safety. Third is tissue replacement. We may use certain 
tissues derived from iPSCs of the cancer patients in vitro to replace the tissues 
impaired by chemotherapy, radiation or the surgical treatment during the process 
of cancer therapy. As most of the mutations occurred to the cancer patients are 
not inherited but acquired, we can derive healthy iPSCs from healthy tissues of 
patients and conduct transplantation. However, one vital problem of this method 
is the engraftment of the iPSCs. So far, just a few human iPSC-derived cell types 
have succeeded in being engrafted in animal models.

4.4.9  iPSCs and Infertility

Infertility refers to the inability to conceive child, which includes female infertility 
and male infertility. In 2014, Cyril Ramathal et al. generated iPSCs from azoosper-
mic men (Ramathal et al. 2014). The patients have deletions which encompassed 
three Y chromosome azoospermia factor regions. Therefore, the patients produced 
few or even no sperm and developed infertility. The patient-specific iPSCs have 
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difficulty in differentiating into germ cells in vitro. When transplanted into mouse 
seminiferous tubules, undifferentiated iPSCs robustly differentiated into germ cell-
like cells. The germ cell-like cells localized near the basement membrane showed 
morphology similar to fetal germ cells and expressed markers of primordial germ 
cells. But all the iPSCs that exited seminiferous tubules formed tumors. Especially, 
iPSCs with more severe deficiency in azoospermia factor deletions produced much 
fewer germ cell-like cells, which indicated that the differentiation process induced 
by interspecific transplantation of human iPSCs was depend on donor genetic sta-
tus. Further investigations should be done before iPS technology finally used in 
human infertility therapy.

4.5  Concluding Note

The iPS technology has initiated a new era of regenerative medicine. This tech-
nology holds the potential to provide large quantity of various functional human 
cells, which can be applied to establish disease models for studying disease mech-
anism, screening drugs, and cell therapy. Many progresses have been made in this 
field in recent years. However, there are still lots of challenges before practical 
application. One is the safety issue, including oncogenicity, genome or epigenome 
integrities, and immunogenicity. Also, there are still limited reports about iPSCs 
showing phenotypes of complex diseases in vitro. Though the iPSCs can model 
monogenic diseases, it is difficult to model complex diseases with iPSCs. In spite 
of the above challenges, lots of developments have been made to move iPSC 
research forward, such as the recently emerged genome editing technology includ-
ing ZFN, TALEN, and CRISPR-Cas9 system, which can greatly facilitate the gene 
correction in iPSCs of patient. Of note, it’s uplifting that the first clinical trial of 
human iPSCs was conducted in Japan for patients of age-related macular degener-
ation in 2014 (World Health Organization 2012). We hope that the technical obsta-
cles will be solved before long and the iPS technology will benefit patients and 
industries in the near future.
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Abstract Hematopoietic stem cells (HSCs) and progenitor cells possess the 
potential to develop all type of blood cells in the circulatory system. The genera-
tion of these blood cells as well as HSCs/HPCs ex vivo might meet the deficiency 
in blood cell transfusion and blaze new trails in immunotherapy, hematological 
disease treatment, and cancer therapy. In this chapter, the potential clinical appli-
cation of hematopoietic cell‒engineering products is summarized. The obstacles, 
current strategies, and progress in hematopoietic cell engineering are discussed as 
well.

Keywords Stem cells · Hematopoietic stem cell · Engineering

5.1  The History and Current Situation  
of Blood Cell Therapy

The application of blood has a nearly thousand-year of history, which can be gen-
erally divided into three main stages: the ancient era which included blood baths 
and the drinking of blood; the modern era, which included whole-blood transfu-
sion; and an even more modern era of component blood transfusion. The term 
“narrow blood transfusion” refers to whole-blood infusion and generalized trans-
fusion including whole blood, whereas the transfusion of all kinds of tangible 
or intangible components of blood, strictly speaking, hematopoietic stem cells 

X. Xie · Y. Li · Y. Sun · J. Zhang · F. Fang · W. Yue · X. Pei (*) 
Stem Cell and Regenerative Medicine Lab, Beijing Institute of Transfusion Medicine, 
Beijing 100850, China
e-mail: peixt@nic.bmi.ac.cn

X. Xie · Y. Li · Y. Sun · J. Zhang · F. Fang · W. Yue · X. Pei 
South China Research Center for Stem Cell and Regenerative Medicine,  
AMMS, Guangzhou 510005, China



112 X. Xie et al.

(HSCs) (bone marrow (BM) or peripheral blood), is a special kind of blood trans-
fusion. In 1656, blood was successfully transfused into blood vessels. In 1667, a 
French aristocrat transfused 280 ml of calf blood to a “tramp” with mental disor-
ders in an attempt to treat his mental problems. Although he had a severe immune 
response, the man’s body eventually accepted the input of animal blood, and he 
miraculously survived, and his health was maintained for a period of time. After 
this event, blood transfusion therapy was accepted by some innovative doctors. 
The process of blood transfusion has had a long process of development, approxi-
mately 300 years. From 1817 to 1818, blood transfusion was applied directly 
from one human to another, and approximately three of eight cases of such were 
successful. However, in general, by this time transfusion therapy was still in the 
exploratory stage because there was no relevant knowledge (such as blood type) 
to further the practice of blood transfusion. Although blood transfusion caused 
many deaths, some doctors found that blood transfusion really can save lives. In 
1901, Viennese pathologist Karl Landsteiner first discovered the human ABO 
blood group and aggregation rule, which provided a solid pathophysiological 
foundation for modern blood transfusion. In 1912, French doctor Alexis Carrel 
won the Nobel Prize in Physiology for inventing the technique of vascular anas-
tomosis for blood transfusion, thus promoting greater acceptance of transfusion 
therapy. In the 10 years that followed, other doctors gradually established blood 
anticoagulation and cross-matching technology. These epoch-making discoveries 
made blood transfusion safe and effective, and blood transfusion became the clini-
cal “rescue” treatment for many severe diseases. Landsteiner also won the Nobel 
Prize in Physiology or Medicine in 1930. Because blood in vitro clotted quickly, 
physicians began to explore methods of anticoagulation. In 1914, sodium citrate 
anticoagulation was discovered. In 1943, the discovery of the ACD solution pro-
longed the period of blood preservation up to 21 days. In 1959, component blood 
transfusion was put forward by Gibson, but it was not truly developed until the 
early 1970s and to the late 1980 s. The amount of component blood applied in 
developed countries now accounts for 80 to 90 % of all blood used.

The percentage of component blood transfusion is one of the most important 
markers by which to measure the level of medical technology in a country or 
region. At present, the international proportion of component blood accounts for 
>90 % of total component blood applied and for <10 % of whole blood; devel-
oped countries account for >95 %. This progress has laid a solid foundation for all 
countries in the world to establish a blood bank, thus turning the dream of blood 
transfusion therapy into a solid reality. Clinical blood transfusion treatment is 
currently the most widely used, the most maturely developed, and the most mas-
sive means of cell therapy used in surgery and trauma, chronic anemia, hemato-
logic malignancies, tumor radiation and chemotherapy, and the treatment of many 
other diseases. Through the continuous development and innovation in the clinical 
application of and research on blood transfusion, from which the first mature cell 
therapy method was developed, blood transfusion therapy has gradually developed 
into one of the most dynamic research fields as well as one of the important means 
of treatment in various hospital departments settings.
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In recent years, with the rapid development of medical technology and people’s 
health needs, the demand for blood in medical institutions has shown a rapid trend 
in growth. According to statistics, presently >99 % of blood in clinical use comes 
from voluntary blood donation. However, participation in unpaid blood donation is 
relatively weak in many countries worldwide. For example, in China, the citizens’ 
blood donation rate is approximately 8.7 %. Compared with the proportion of the 
middle-income countries in the world, there is a large gap. In addition, although 
the total volume has increased from 800 tons/year 10 years ago to ≥3600 tons/y 
currently, the China’s blood supply is still very low, and the gap between blood 
supply and blood demand is very conspicuous. It is estimated that the annual gap 
in China’s blood supply gap is approximately 10 to 15 %. Furthermore, there is 
a seasonal blood shortage in many large cities, which has drawn national atten-
tion to solving the problem of insufficient blood supply. In addition, solving the 
problem of various types of pathogen contamination in the blood supply is a great 
challenge. Clinical practice has proven that a variety of viruses can be spread by 
blood transfusion, thus causing viral spread—especially viruses of the lipid enve-
lope such as hepatitis B virus (HBV), hepatitis C virus (HCV), and the AIDS virus 
(HIV)—as well as serious consequences after blood transfusion. Transfusion of 
blood that has gone through strict testing still carries the risk of iatrogenic infec-
tion, and the main reasons for this are as follows:

•	 The existence of a certain proportion of false-negative results by reagent test-
ing means that virus-carrying blood will inadvertently be used in clinical blood 
therapy.

•	 Blood donors are in a “window” of infection when antibodies have not been 
produced or are at low concentrations.

In large cities, such as Beijing, all collected blood is tested using the latest and 
most sensitive detection technology—i.e., nucleic acid detection technology—to 
detect viruses before blood is transfused, but this technology still cannot detect 
pathogenic viruses of the blood during the window of infection. The emergency 
blood demand during wartime and natural disasters is of course larger, and because 
blood security requirements are greater at these times, the attrition rate of the coun-
try’s blood supply concomitantly increases. With prompt administration, blood 
transfusion can save the lives of wounded individuals who are losing blood. Blood 
has been an important “drug” since the early treatment of war and trauma injuries, 
but it is difficult to fully meet the blood requirements under the current system.

5.2  Various Sources of Stem Cells for Ex Vivo 
Hematopoietic Cell Generation

The transplantation of HSCs has been used to treat various diseases including 
malignant and nonmalignant hematologic conditions, immunodeficiencies, and 
metabolic disorders. Infused HSCs can replace and reconstitute the hematopoietic 
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and immune systems, thus sparing patients from the effects of chemotherapy or 
radiotherapy. Therefore, harvesting sufficient HSCs is important for autologous or 
allogeneic stem cell transplantation. For hematopoietic support or immune ther-
apy, large numbers of HSCs can produce sufficient progeny cells, such as erythro-
cytes, megakaryocytes, and immune cells, ex vivo. These downstream blood cell 
products also provide potential new strategies in clinical multiple-disease therapy. 
Thus, harvesting or manufacturing sufficient numbers of HSCs is the first step for 
the treatment of both hematological and nonhematogical diseases.

5.2.1  The Sources of HSCs in Clinical Application

The sources of HSCs in clinical application are mainly BM and mobilized periph-
eral blood. In the last decade, umbilical cord blood (UCB) has become a new 
resource of HSCs for allogeneic transplantation (Barker et al. 2005). Due to the 
low number of collectable stem cells from a single UCB unit, their initial use was 
limited to pediatric therapies. Clinical application of UCB HSCs in adults would 
become feasible if there were a culture method that can effectively expand HSCs 
while maintaining their self-renewal capacity. In recent years, numerous attempts 
have been made to expand human UCB HSCs in vitro. Most ex vivo cultures of 
human HSCs use cytokine mixtures in serum-free medium that includes SCF, 
TPO, IL-3, IL-6, and Flt3-L (Murray et al. 1999). The manipulation of some 
signaling pathways, such as Notch and Wnt, has also shown effectiveness for the 
ex vivo expansion of HSC availability (Delaney et al. 2010; Perry et al. 2011). 
Several laboratories have explored expanding the numbers of HSCs with aryl 
hydrocarbon receptors, copper chelators, stromal support, and automated contin-
uous perfusion of culture systems or “bioreactors” (Boitano et al. 2010; Ferreira 
et al. 2012; Peled et al. 2004; da Silva et al. 2005). Overexpression of transcrip-
tion factors, such as SALL4 and HOXB4, can also increase the number of HSCs 
in vitro (Yang et al. 2011; Amsellem et al. 2003). Several clinical trials have been 
initiated with ex vivo expanded human CD34+ CB progenitors (Oran and Shpall 
2012). Although the in vitro culture method for the expansion of HSC availabil-
ity has been improved, it still needs to be optimized to obtain more transplantable 
HSCs.

5.2.2  Pluripotent Stem Cell‒Derived HSCs

Currently HSCs used during clinical transplantation are usually derived from cord 
blood, adult BM, or peripheral blood. Given the shortage of donors and the lim-
ited supply of HSCs, human ESCs have become an alternative source of HSCs 
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and mature blood cells for therapeutic purposes. ESCs have the capacity for nearly 
unlimited proliferation and can differentiate into cells/tissues of all three germ lay-
ers. In recent years, induced pluripotent stem cells (iPSCs) with the characteris-
tics of ESCs have been obtained using adult somatic cell reprogramming, which 
involves the overexpression of key transcription factors (Takahashi et al. 2007) or 
culturing with combinations of exogenous small molecules (Hou et al. 2013). The 
development of iPSC technology has revolutionized the possibilities of personal-
ized cell therapy. These iPSCs could serve as an embryo-free source of patient-
specific stem cells with decreased human leukocyte antigen (HLA) mismatching. 
Taylor suggested that a tissue bank from 150 selected homozygous HLA-typed 
volunteers could match 93 % of the United Kingdom’s population with a mini-
mal requirement for immunosuppression (Taylor et al. 2012). The use of iPSC 
technology could also be applied to modify mutated genes from patients with 
inherited disorders such as sickle cell anemia (Zou et al. 2011) and α-thalassemia 
(Chang and Bouhassira 2012). Several groups have generated gene-corrected 
β-thalassemia iPSCs from patients; these could be induced to differentiate into 
hematopoietic progenitor cells (HPCs) and then into erythroblasts expressing nor-
mal β-globin (Wang et al. 2012; Fan et al. 2012; Ma et al. 2013).

It has been reported that pluripotent stem cells (PSCs) can be induced to dif-
ferentiate into hematopoietic cells using three different culture methods: embryoid 
body formation, stromal cell‒based coculturing, and monolayer culturing (Dang 
et al. 2002; Vodyanik et al. 2005; Niwa et al. 2011). These different induction 
strategies often engage several sets of cytokines to provide a simulated microen-
vironment for hematopoiesis. PSCs undergo several stages when differentiating 
into hematopoietic cells. Bone morphogenetic protein-4 (BMP-4) and basic fibro-
blast growth factor (bFGF) have been employed to induce the differentiation of 
mesoderm progenitors (Bernardo et al. 2011). Vascular endothelial growth factor 
(VEGF) and bFGF have been used to promote hemangioblast specification (Wang 
et al. 2012). Hematopoietic cytokines—such as stem cell factor (SCF), Fms-like 
tyrosine kinase 3 (Flt-3), interleukin-3 (IL-3), IL-6, thrombopoietin (TPO), and 
erythropoietin (EPO)—have been used to promote the formation of hematopoi-
etic cells. Until now, the generation efficiency of CD34+ hematopoietic cells from 
PSCs has required improvement. McKinney-Freeman et al. applied a network 
biology-based analysis to reconstruct gene regulatory networks during sequential 
stages of HSC development (McKinney-Freeman et al. 2012). They found that 
HSCs from in vitro‒differentiated embryonic stem cells (ESCs) closely resembled 
definitive HSCs; however, they lacked a Notch signaling signature. Their results 
suggested that an exogenous Notch ligand could be added to the induction system 
and thus facilitate hematopoietic commitment (McKinney-Freeman et al. 2012). 
Notch ligand has also been used to promote the expansion of cord blood HSCs 
(Delaney et al. 2010). Although in vitro culture methods for the differentiation 
of PSCs into hematopoietic cells have been improved, optimization is required 
to obtain HSCs that are more suitable for transplantation. To efficiently gener-
ate engrafted hematopoietic cells, the forced expression of certain transcription 
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factors, such as HOXB4 and RUNX1a, is an alternative approach (Bowles et al. 
2006; Ran et al. 2013). Recently, Daley’s laboratory reported a strategy to respec-
ify CD34+CD45+ myeloid precursors from PSCs into multilineage progenitors 
that can be expanded in vitro and engrafted in vivo using five transcription fac-
tors (Doulatov et al. 2013). A greater understanding of hematopoiesis mechanisms 
might help us develop more efficient induction strategies for hematopoietic cells.

5.2.3  Lineage Reprogramming of Somatic Cells into HSCs

The generation of HSCs from PSCs is still limited by multiple step induction and 
low differentiation efficiency. Direct conversion of human autologous somatic 
cells into engraftable HSCs offers tremendous clinical application potential. 
Several methods have been reported to reprogram somatic cells into hematopoietic 
cells. Cellular fusion technique has been used to directly convert somatic cells into 
fetal HSCs (Sandler et al. 2011). The enforced expression of transcription factors, 
such as OCT-4‒activated hematopoietic transcription factor, together with specific 
cytokine treatment has allowed a generation of multilineage blood progenitors to 
be produced from human fibroblasts (Szabo et al. 2010). Introduction of a com-
bination of transcription factors has also been used to reprogram endothelial-like 
precursor cells or endothelial cells into hematopoietic cells (Pereira et al. 2013; 
Sandler et al. 2014). Direct conversion between different blood cell types is also 
feasible; for example, B cells can be reprogrammed into macrophages (Xie et al. 
2004). The progress in these findings and techniques offers a potential pathway to 
new autologous cell therapies for the treatment of hematological and nonhemato-
logical diseases.

5.2.4  Conclusion

BM and mobilized peripheral blood are the main sources of clinical HSC trans-
plantation. In addition, UCB is now an accepted source of allogeneic HSC 
transplantation. Single UCB has shown a benefit in children with hematological 
malignancies (Locatelli et al. 1999). Double UCB also presents wider applicability 
in adults (Brunstein et al. 2011). Human placenta and chorion are potential addi-
tional sources of HSCs for transplantation (Bárcena et al. 2011). To obtain large 
numbers of autologous HSCs, new approaches have been in development to gener-
ate HSCs from PSCs or somatic cells using microenvironmental induction and/or 
reprogramming strategies. Prospective large-scale production of functional HSCs 
with multiple approaches might be used in clinical HSC transplantation or blood 
cell-based therapy.
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5.3  Hematopoietic Cell Engineering  
for Blood Cell Generation

Stem cells have the potential of self-renewal, proliferation, and differentiation 
into all cell types of the body. In recent years, with the development of stem cell‒
related technologies, it is possible to directly induce stem cells toward the cells of 
many tissues we need in vitro. This possibility would greatly facilitate the devel-
opment of clinical application.

The hematopoietic system is a highly active metabolism system. Because of 
the differentiation potential of HSCs and progenitor cells into multiple lineages 
of blood cells, HSCs and HPCs are promising cell sources for the treatment of 
prevalent and currently incurable diseases (Lim et al. 2011). Hematopoiesis and 
its regulation depend on a variety of hematopoietic growth factors, stromal cells, 
and extracellular matrix as well as the interaction among and balance of these fac-
tors. The complex process of hematopoiesis involves cell proliferation, differen-
tiation, development, maturation, migration, integration, aging, apoptosis, and 
cancerization.

By using prevalent methods, we cannot obtain enough cells, including stem 
cells and their descendents, to satisfy the need for clinical use. Tremendous efforts 
have been made to develop new efficient methods of differentiating stem cells into 
target cells to overcome the current limitations. However, scientists soon learned 
that it is extremely difficult to control the fate and differentiation of PSCs (Lim 
et al. 2011). New methods should be found to solve this formidable problem. A 
new therapeutic technology, called “hematopoietic cell engineering,” which is the 
third generation of cell therapy, has attracted increasing attention.

Hematopoietic cell engineering, a promising strategy for the treatment of 
numerous diseases, is the use of the high proliferative capacity and multilineage-
differentiation potential of HSCs/progenitor cells to simulate or partially mimic 
hematopoiesis in vitro, including the regulation of stromal cells/hematopoietic 
growth factors, by cell-engineering technique.

Hematopoietic cell engineering focuses on the separation, purification, amplifi-
cation, directional differentiation, and gene modification of HSCs/progenitor cells 
in vitro. By amplifying and differentiating early hematopoietic progenitor/pre-
cursor cells, the terminal aim of hematopoietic cell engineering is to obtain large 
amounts of blood cells, including erythrocytes, granulocytes/macrophages, mega-
karyocytes/platelets, dendritic cells (DCs), NK cells, T/B lymphocytes, and all of 
the other blood components.

Hematopoietic cell engineering, including cell regulation and the modifica-
tion of defective genes, will not only meet the needs of the basic research, it will 
eventually become more widely and effectively accepted in the fields of stem cell 
transplantation, biological immune therapy, gene therapy, etc. Below are the pos-
sible benefits of hematopoietic cell engineering.
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1. Decreasing the incidence of transfusion-transmitted infections: Blood trans-
fusion is now playing an indispensable role in rescuing wounded patients in 
urgent situations. However, blood transfusion can also cause adverse patient 
reactions and serious complications. The main concern of patients receiving 
a blood transfusion is the risk of acquiring a transfusion-transmitted infection 
(Schmidt et al. 2014) including viruses, bacteria, spirochetes, and protozoa. 
Regarding viruses, for example, the rates of transfusion-related HIV1/2, HBV, 
and HCV infections are increasing. In addition, blood transfusion can also 
cause some patient immune reactions. Red blood cells (RBCs), platelets, and 
leukocytes can become triggers of an immune response. Therefore, the safety 
of blood transfusion is always a concern. Through the process of hematopoietic 
cell engineering, we may avoid the problem of transfusion-transmitted infec-
tion via gene modification and thus pave the way for the safety of transfusion 
in the future.

2. Amplification of RBCs as blood reserves: The differentiation and amplification 
of HSCs has attractive prospects in the field of transfusion. HSCs can direc-
tional differentiate and amplified into erythroblasts, RBCs, and neutrophils in 
vitro. The infusion of mixed cells can partially replace the traditional source of 
blood. It not only alleviates the shortage of blood to a certain extent, it also has 
advantages regarding the safety of blood transfusion and may decrease or even 
prevent the incidence of blood-borne infections.

3. Hematopoietic support therapy after HSC transplantation and high-dose chem-
otherapy: The reduction of neutrophils and platelets is a major limitation of 
malignant tumor chemotherapy. The strategies of HSC transplantation plus 
high-dose chemoradiotherapy can improve the therapeutic effect on malignant 
tumors and prolong patient survival. One aspect of the significance of HSC 
engineering lies in the ability to obtain a sufficient number of HSCs for trans-
plantation. Another significance of HSC engineering is the ability to produce 
large amounts of young blood cells for transfusion after the treatment. The time 
lapse of CD34+ cells to differentiate into mature neutrophils and platelets is 
approximately 10 days. The infusion of partially differentiated neutrophils and/
or megakaryocyte progenitor cells cultured in vitro at a certain time may ren-
der those cells mature soon after infusion and play a physiological role. Thus, 
hematopoietic cell engineering can play important role in hematopoietic sup-
port in terms of infection prevention and treatment of bleeding and anemia, 
compatability with high-dose chemotherapy, etc.

4. Immune therapy associated with hematopoietic cells. Immune therapy medi-
ated by lymphokine-activated killer cells, cytokine-induced killer (CIK) cells, 
cytotoxic T lymphocytes (CTL), and DCs is gradually becoming an important 
treatment strategy for malignant tumors and other diseases. In addition, HSCs 
are one of the ideal target cells for gene therapy. On this basis, gene therapy 
based on hematopoietic cell engineering holds bright prospects in the treatment 
of severe immunodeficiency, genetic diseases, malignant tumor, and AIDS 
(Caplan 2000).
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5.4  Regulation Mechanisms in Stem Cell-Blood  
Cell Development

Hematopoiesis is a continuous process in which stem/progenitor cells develop 
into mature blood cellular components. As hematopoietic cells differentiate 
from stem cells to the mature lineages, they gradually become more committed 
to their ultimate lineage and lose their multipotentiality and self-renewal ability 
and in turn gain more specialized functionalities. During maturation, HSCs and 
HPCs differentiate into all blood-forming elements including myeloid (mono-
cytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, megakaryo-
cytes/platelets, and DCs) and lymphoid lineages (T cells, B cells, and NK cells) 
(Kaufman 2009). Decisions regarding the fate of blood cells in the hematpoietic 
system are dictated by a complex regulatory mechanism involving hematopoietic 
cytokines, cytokine-mediated transcriptional regulators, and manifold intercellular 
signaling pathways.

5.4.1  Cytokine and Cytokine-Induced Transcriptional 
Regulation of HSC Differentiation

Cytokines are small soluble proteins that can either be secreted or membrane-
bound. They are produced by a variety of different cell types and can act both 
locally within the microenvironment of HSCs/progenitor cells and systemically 
by way of the bloodstream or lymphatic vessels. Two general models for the role 
of cytokines in hematopoietic differentiation have been proposed: the instruc-
tive model and the stochastic model. In the instructive model, cytokines transmit 
specific signals to multipotential hematopoietic cells, thus directing their lineage 
commitment and differentiation. In the stochastic model, lineage commitment and 
terminal determination are intrinsically determined by cytokines providing permis-
sive growth and survival signals (D’Andrea 1994). Cytokines of the hematopoietic 
system include interleukins (ILs), colony-stimulating factors (CSFs), interferons, 
EPO, and TPO. Both gain-of-function and loss-of-function experiments in vivo 
have confirmed the cytokine-dependent regulation of lineage-specific blood cell 
formation (Fig. 5.1) (Metcalf 2008; Laiosa et al. 2006).

5.4.1.1  Interleukin-6

Inflammatory cytokines, particularly interleukin 6 (IL-6), play a critical role in 
myeloid cells differentiation IL-6 is a pleiotropic cytokine secreted by numer-
ous immune and nonimmune cells. In a state of emergency granulopoiesis, IL-6 
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mediates hematopoietic progenitor differentiation toward myeloid lineage through 
the expression of the Id1 transcription factor (Maeda et al. 2009; Newburger 
2008). IL-6 interacts with the CAAT/enhancer binding protein‒beta (C/EBP-β) 
protein, which is a leucine zipper transcription factor (Poli et al. 1990). C/EBP-β 
has been observed during myeloid differentiation, which is a key transcription fac-
tor regulating monocytic gene expression (Liu et al. 2009; Ramji and Foka 2002). 
Furthermore, C/EBP-β expression is induced dramatically during macrophage dif-
ferentiation (Natsuka et al. 1992; Scott et al. 1992); for example, C/EBP-β‒defi-
cient mice lacked emergent neutrophil production in response to cytokines and/or 
infection (Hirai et al. 2006).

5.4.1.2  GM-CSF

Granulocyte-macrophage colony‒stimulating factor (GM-CSF) is a critical 
hematopoietic growth factor that controls the differentiation of myeloid progeni-
tors into granulocytes, eosinophils, monocytes, megakaryocytes, and erythrocytes 
(Metcalf 2008). GM-CSF was the first cytokine shown to efficiently promote DC 
development in vitro and has been used to induce DC differentiation from human 
monocytes as well as human and mouse HPCs (Inaba et al. 1992; Sallusto and 
Lanzavecchia 1994; Caux et al. 1996; Caux et al. 1992).

Fig. 5.1  Hematopoiesis and the role of cytokines in vivo. Cytokines act on both multipotential 
progenitors and their committed offspring (Robb 2007)
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5.4.1.3  M-CSF

Macrophage colony‒stimulating factor (M-CSF) is an important inducer of mono-
cytic development. M-CSF signals through its corresponding tyrosine kinase 
receptor, which is widely expressed on the common myeloid progenitor (CMP) 
and granulocyte-macrophage progenitor (GMP) myeloid compartments. (Auffray 
et al. 2009) M-CSF is regulated by the transcription factor MafB to restrict lineage 
commitment toward myelopoiesis. (Hegde et al. 1999) Hematopoietic cells with 
myeloid and lymphoid potential exhibit a high sensitivity to M-CSF and undergo 
differentiation toward myeloid cells at high M-CSF concentrations (Himes et al. 
2001). In fact, high M-CSF concentrations inhibit proper myeloid differentiation 
and promote the differentiation of DCs into macrophage-like cells (Menetrier-
Caux et al. 1998). Furthermore, combined treatment with IL-3 and M-CSF effi-
ciently differentiates embryonic stem cell lines toward homogenous monocytic 
cells (Karlsson et al. 2008).

5.4.1.4  EPO

Signaling by EPO through its receptor EpoR is necessary for the production of 
definitive erythrocytes in murine fetal liver. EPO has recently been shown to 
increase erythroid and decrease granulocyte/macrophage (GM) output from 
hematopoietic stem and progenitor cells by the suppression of nonerythroid fates 
at a transcriptional level, thus suggesting an instructive role for EPO on hemat-
opoietic stem and progenitor cells in vivo (Grover et al. 2014).

5.4.1.5  TPO

TPO is the chief cytokine that regulates megakaryocyte production by signaling 
through its receptor Mpl. Megakaryocytes are the only hematopoietic cell lineage 
affected by the loss of TPO signaling, e.g., there is less than half in TPO−/− and 
Mpl−/− mice (Alexander et al. 1996; Carver-Moore et al. 1996).

5.4.2  Transcription Regulators that Control  
the Differentiation of HSC

The cell-fate specification of HSC is intricately controlled by intercellular and 
intracellular signaling mechanisms (Kaushansky 2006; Mikkola and Orkin 2006). 
These mechanisms commonly target transcriptional regulators, which in turn 
establish complex transcriptional networks. Each commitment step requires the 
activation of lineage-specific genes, whereas unnecessary and conflicting genes 
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are concomitantly repressed. This balance involves the concerted actions of mul-
tiple transcriptional activators, repressors, and epigenetic modifiers (Teitell and 
Mikkola 2006). Several transcriptional factors—such as PU.1, C/EBPα, GATA1/2, 
Pax5, and SCL genes—have been identified as essential for the development of 
definitive hematopoietic cells during embryogenesis (Fig. 5.2).

5.4.2.1  Purine-Rich Box 1 (PU.1)

PU.1 is an ETS-family transcription factor. This transcription factor is an ideal 
marker of early cell fate change because it is both required and sufficient to drive 
myeloid fate in early multipotent stem and progenitor cell populations (Iwasaki 
and Akashi 2007). As HSCs and multipotential progenitors differentiate, PU.1 
is maintained or upregulated in some lineages and downregulated in others. For 
example, PU.1 is expressed in CMP; however, the level of its expression increases 
in granulocyte monocyte progenitor (GMP) and their progeny (granulocytes and 
monocytes), but it decreases in megakaryocyte–erythrocyte progenitors and their 
derivatives (megakaryocytes and erythroid cells), which suggests that the effect of 
PU.1 is dose-dependent (Hromas et al. 1993; Chen et al. 1995; Akashi et al. 2000; 
Miyamoto et al. 2002). Disruption of PU.1 from hematopoiesis has shown that 
PU.1 fails to initiate a commitment to both myeloid and lymphoid lineages, such 
as CMPs, GMPs, and CLPs, in adult hematopoiesis but not for MEP development. 
These observations indicate that PU.1 is not required for the specification of mono-
cytic precursors but is important for their further functions (Iwasaki et al. 2005).

Fig. 5.2  Transcription factors regulating hematopoietic differentiation (Nakajima 2011)
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5.4.2.2  C/EBPα

There are six members of the CCAAT/enhancer binding protein (C/EBP) family: 
C/EBPα, β, γ, δ, ε, and ξ) (Ramji and Foka 2002). C/EBP-family proteins play 
a relevant role in the process of hematopoiesis and (myelo)monocytic differenti-
ation, especially that of C/EBPα. C/EBPα is the predominant isoform in imma-
ture granulocytes (Hohaus et al. 1995; Scott et al. 1992). C/EBPα expression is 
upregulated during early differentiation stages toward GMP in humans and mice 
(Friedman 2007). C/EBPα knock-out mice showed inhibited differentiation of 
CMP toward GMP resulting in a decreased number of GMP, MDP, monocytes, 
and macrophages as well as granulocytes in combination with an accumulation 
of immature myeloid progenitors (Zhang et al. 1997; Zhang et al. 2004; Heath 
et al. 2004). C/EBPα also caused a lineage switch toward the myeloid lineage in 
megakaryocyte-erythroid progenitors (MEPs). This supports the assumption that 
C/EBPα suppresses erythroid lineage formation but promotes determination of the 
myeloid lineage (Suh et al. 2006; Fukuchi et al. 2006). C/EBPα is a critical factor 
for the myeloblast to undergo promyelocyte transition. The conditional expression 
of C/EBPα in a bipotential hematopoietic cell line induces granulocytic differ-
entiation and G-CSF receptor expression and blocks monocytic differentiation 
(Radomska et al. 1998).

5.4.2.3  GATA1

GATA-1 is a key erythroid transcription factor required for the development of 
normal erythroid and megakaryocytic lineages. Expression of GATA-1 in Myb-
Ets–transformed myeloblasts reprograms them into eosinophils or thromboblasts 
while at the same time suppressing myelomonocytic differentiation (Kulessa et al. 
1995). GATA1 was also found to repress the expression and function of PU.1. 
GATA-1 and PU.1 functionally antagonize each other through direct physical 
interaction. In Xenopus embryos, ectopic expression of PU.1 blocks erythropoie-
sis during normal development. Introduction of exogenous GATA-1 can trigger 
Xenopus embryos to resume differentiation and undergo terminal cell division to 
lose their tumorigenicity (Rekhtman et al. 1999). Recent work in zebrafish shows 
that transcription intermediate factor-1γ (tif-1ϒ) modulates the myeloid-erythroid 
fate decision controlled by the GATA1‒PU.1 balance in various teleost hematopoi-
etic populations (Kulessa et al. 1995).

5.4.2.4  GATA-2

GATA2 is an another transcriptional factor that belongs to the GATA family, and it 
is important for the development of HSCs. GATA-2 is expressed in HSCs (HSCs), 
multipotent hematopoietic progenitors, erythroid precursors, megakaryocytes, 
eosinophils, and mast cells (Monteiro et al. 2011; Tsai et al. 1994; Tsai and Orkin 
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1997; Minegishi et al. 1999). GATA-2 regulates early hematopoiesis by control-
ling the genesis and/or survival of HSCs and/or multipotent progenitors (Tsai 
et al. 1994; Tsai and Orkin 1997; Ling et al. 2007). GATA-2 is crucial for mast 
cell development, and GATA-2 knock-out hematopoietic precursors are competent 
to undergo erythroid and myeloid terminal differentiation (Tsai and Orkin 1997). 
Overexpression of GATA-2 in a human leukemia cell line (K562) inhibited eryth-
roid and promoted megakaryocyte differentiation (Ikonomi et al. 2000).

5.4.2.5  Pax5

Pax5 is a multifunctional transcriptional regulator expressed throughout the 
B-cell lineage from the pro-B cell stage until its downregulation in plasma cells 
(Busslinger 2004; Singh et al. 2005). Pax5 regulates B-cell lineage commitment 
by increasing the expression of the characteristic B-cell genes CD19 and Igα as 
well as suppressing myeloid genes such as c-fms and PD-1. Conditional inactiva-
tion of Pax5 in mature B cells resulted in de-differentiation to lymphoid progeni-
tors, which gave rise to functional T cells that can develop into T lymphocytes, 
natural killer (NK) cells, and macrophages (Rolink et al. 1999).

5.4.2.6  SCL/Tal-1

Stem cell leukemia/T-cell acute lymphocytic leukemia-1 (SCL/tal1) is a member 
of the basic helix–loop–helix family of transcription factors, which has important 
functions to stimulate the generation of hemangioblasts, which differentiate into 
both blood and endothelial cells (Chung et al. 2002; Ema et al. 2003; Gering et al. 
2003; Patterson et al. 2007). Mice lacking SCL had severe defects in blood forma-
tion and lack of any hematopoietic lineages (Porcher et al. 1996). In contrast to the 
critical role that SCL plays in HSC generation, it is not required for HSC function 
in mice. However, in the absence of SCL, megakaryocytic and erythroid differen-
tiation are severely hampered (Mikkola et al. 2003).

5.4.3  Signaling Pathways Regulating HSC Differentiation

Signal transduction is the process by which cells receive and respond to informa-
tion from the outside environment, which often occurs through secreted proteins 
binding receptors on the cell’s surface, which alter intracellular mediators to affect 
gene expression. Many signaling pathways—such as TGFβ/BMP, Wnt, and Notch, 
which controls hematopoiesis in the embryo—are involved in the differentiation of 
HSC.
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5.4.3.1  TGF-β/BMP Signalling Pathway

TGFβ is the foundational member of the TGF-β superfamily and has several mam-
malian isoforms (TGFβ1–TGFβ5). The binding of TGFβ to its receptor (I, II, or 
III) activates receptor serine/threonine kinase, which in turn activates several intra-
cellular signaling pathways. Through detailed studies of hematopoietic progeni-
tors in vitro, (Fortunel et al. 2000) TGF- β has been characterized as a well-known 
regulator of hematopoiesis. TGF- β can enhance the differentiation of myeloid 
progenitors into granulocyte or monocytes (Ottmann and Pelus 1988; Keller et al. 
1991; Keller et al. 1994). TGF-β1 inhibits the proliferation of both human and 
murine hematopoietic stem and primitive progenitor cells in vitro, whereas fur-
ther differentiated progenitors are more resistant to TGF-β inhibition (Batard et al. 
2000; Sitnicka et al. 1996; Keller et al. 1990; Jacobsen et al. 1991). Bone morpho-
genetic proteins (BMPs) are also members of the TGF-β superfamily. They bind 
as dimers to cell surface receptors consisting of type I and type II serine/threo-
nine kinase subunits. Bmp4 signalling has been shown to be directly required to 
trigger HSC specification from the hemogenic endothelium of the dorsal aorta in 
zebrafish (Wilkinson et al. 2009). BMP4 has also been reported to induce hemat-
opoietic differentiation in both murine and human ESC in vitro (Johansson and 
Wiles 1995; Chadwick et al. 2003). At high concentration, BMP4-mediated sign-
aling acts to maintain the proliferation of HSCs derived from human UCB rather 
than promoting their differentiation (Bhatia et al. 1999).

5.4.3.2  The Notch Pathway

In mammals, the Notch pathway comprises different proteins including four differ-
ent Notch receptors (Notch 1 through 4), two Jagged ligands (Jag 1 and 2), three 
Delta-like ligands (Dll 1, 3, and 4), nuclear transcription factor RBPj, and specific 
cofactors such as Mastermind (Kopan and Ilagan 2009). Notch is a highly conserved 
signaling pathway involved in the regulation of cell-fate acquisition and differentia-
tion in several systems, and its role in both adult and embryonic hematopoiesis has 
been carefully studied (Fortini 2009). Notch signalling is essential for T-cell specifi-
cation and differentiation in the thymus as well as for splenic marginal zone B-cell 
development (Maillard et al. 2003; Radtke et al. 2004). Deletion of RBPjκ/CSL 
results in increased B-cell differentiation and blockage of T-cell development (Han 
et al. 2002). Several investigators have reported that alterations in Notch signaling 
has minimal effects on myelopoiesis. Enforced expression of the Notch intracellular 
domain (NICD) or Notch target genes in BM progenitors abrogates B-cell devel-
opment and promotes myeloid differentiation in a non‒cell autonomous manner 
(Schroeder et al. 2003; Kawamata et al. 2002). Mice deficient in downstream Notch 
effectors exhibit defective B-cell and myeloid development (Kawamata et al. 1998). 
Early studies using myeloid cell lines showed that forced Notch 1 or Notch 2 activa-
tion could inhibit myeloid differentiation in a cytokine-dependent manner (Milner 
and Bigas 1999; Bigas et al. 1998). These observations indicate that Notch-mediated 
alterations in lymphocyte development can affect myelopoiesis.
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5.4.3.3  Wnt Signaling Pathway

Wnt/β-catenin is a highly evolutionary conserved signaling pathway required for 
the proper development of most tissues and organisms. There are two main intra-
cellular signal transduction pathways, the β-catenin/TCF‒dependent pathway and 
the β-catenin‒independent pathway, which are usually referred to as the “canoni-
cal pathway” and the “noncanonical pathway,” respectively. Wnt proteins play a 
critical role in the development of multiple hematopoietic lineages. However, the 
effect of Wnt/β -catenin signaling on the regulation of HSC/HPC function is com-
plex. Some investigators have shown that the constitutive activation of β-catenin 
made lymphoid or myeloid progenitor lineages unstable and allowed the expan-
sion of multipotential cells in culture (Baba et al. 2005, 2006). Others investiga-
tors found that the expression of constitutively active β-cateninin hematopoietic 
cells in vivo leads to loss and blockade of their differentiation and maturation 
(Kirstetter et al. 2006; Scheller et al. 2006). In vitro stimulation of HSC with 
recombinant Wnt3a lead to the de-differentiation of committed B cells to more 
stem cell‒like cells, but the noncanonical Wnt5a protein had opposite effects 
(Malhotra et al. 2008).

Emerging evidence indicates that multiple signaling pathways are activated 
during HSC differentiation and that these pathways may play critical roles in facil-
itating the differentiation process. Several other signals have been implicated as 
regulators of HSC specification, although their roles have not been studied as well 
as those of BMP, Notch, and Wnt. These pathways include JAK-STAT, Ras, Raf/
MEK/ERK cascade, p38 MAPK, and JNK/SAPK, PI3 K-Akt pathway.

5.4.4  Summary

Decisions of blood cell fate in the hematpoietic system are made by way of 
multiple mechanisms. Cytokine-activated signaling pathways can regulate 
the expression or activity of key proteins. Activated proteins may promote the 
cell-cycle arrest necessary for differentiation to occur, whereas other signaling 
molecules may act primarily to sustain the survival of cells undergoing differen-
tiation. Still others may act to drive the phenotypic changes associated with the 
differentiation process. Furthermore, investigators studying HSC differentiation 
will also need to consider specific transcription factors and the microenviron-
mental cross-talk between stem cells and multiple niche compartments in BMs. 
Such cross-talk may occur in a stage- or lineage-specific manner. In addition, 
nonproteinaceous regulators of HSC differentiation should also be investigated. 
Recent studies have shown that micro-RNAs and epigenetic regulators play crit-
ical roles in the regulation of HSCs differentiation (Undi et al. 2013; Oh and 
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Humphries 2012). More focused research—such as how multicomponent sign-
aling networks are functionally integrated into long-term decisions of cell fate 
and how identical pathways can produce different specific responses in differ-
ent target cells—is required to understand the mechanism of HSC differentiation 
.The understanding of decisions of blood cell fate in HSCs is of great funda-
mental interest and will be critical for the successful development of therapeutic 
applications.

5.5  Progress and the Potential Clinical Application 
of Hematopoietic Cell‒Engineering Products

5.5.1  Definite Hematopoietic Cell Induction

HSCs have the capacity to develop into all kind of blood cells in the body. 
Currently, investigators are reporting the numbers of blood cells—including 
RBCs, megakaryocytes and platelets, neutrophils, dendric cells (DCs), and T 
cells—that could be induced in vitro from HSCs or PSCs (ESCs or iPSCs, respec-
tively). These “manmade” blood cells have shown clinical application potential. 
The progresses of in vitro blood cell manufacture and their applications are sum-
marized below.

5.5.2  Red Blood Cells

The transfusion of RBCs is indicated to achieve a fast increase in the supply of 
oxygen to the tissues, e.g., when the concentration of hemoglobin (Hb) is low 
and/or the oxygen carrying capacity is reduced, in the presence of inadequate 
physiological mechanisms of compensation (Liumbruno et al. 2009). Major 
surgery and trauma require the delivery of >16 million RBC transfusions every 
year in the United States. In addition, RBC transfusion is also commonly used 
in the treatment of anemia and complications from radiotherapy and chemo-
therapy. However, insufficient blood donation, especially for rare blood types, 
and potential infectious risks call for alternative sources of RBCs to be devel-
oped urgently. RBCs generated in vitro from human hematopoietic stem/pro-
genitor cells (HSCs) derived from cord and adult blood or human PSCs may 
represent an important resource for providing blood to patients with rare blood 
types as well as supplementing the general blood supply during emergencies. 
Furthermore, the semifinished products, erythroid precursors, may ultimately 
serve as a novel cell-based therapy providing a renewable source of RBCs 
(Migliaccio et al. 2009).
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Typically, the development of HSCs into RBCs involves different “players” 
including CMPs, MEPs, burst forming unit‒erythroids (BFU-Es), colony form-
ing unit‒erythroids (CFU-Es), proerythroblasts (ProE), erythroblasts/basophilic 
normoblasts (BasoE), polychromatophilic normoblasts (PolyE), orthochromatic 
normoblasts (OrthoE), reticulocytes (Retic), and mature RBCs. The maturation 
of RBCs usually takes place in the BM because this microenvironment provides 
a niche for HSCs. The in vitro production of mature RBCs could be fulfilled by 
simulating the HSC niche in vivo. Using optimized media, combinations of 
cytokines, and stromal cells, researchers have successfully expanded and induced 
erythrocytes from HSCs. Neildez-Nquyen et al. reported that sequential applica-
tion of specific growth factor combinations in serum-free culture medium resulted 
in erythroid precursors that could fully mature when transplanted into immunode-
ficient mice (Neildez-Nguyen et al. 2002). These immature blood cells could be 
used for the treatment of chronic anemia and in gene therapy; however, they are 
not fully functional immediately after transfusion. Giarratana et al. (2005) showed 
the application of cytokines and coculture on stromal cells for the large-scale ex 
vivo production of mature human RBCs from HSCs of diverse origins. Enucleated 
RBCs meet the demand of functional blood cells during acute hemorrhage; how-
ever, the dependency on stromal cells hampers the application of this method. 
Miharada et al. (2006) attempted to develop an in vitro stromal cell‒independent 
model for producing RBCs. Despite this progress, the generation of large-scale, 
fully mature, and clinically applicable RBCs remains an obstacle to researchers.

Pluoripotent stem cells (PSCs), including ESCs and induced pluoripotent stem 
cells (iPSCs), possess the potential to differentiate into all derivatives of the three 
primary germ layers as well as blood cells. Considering the unlimited expansion 
and differentiation ability of PSCs, they have become an alternative resource for 
RBC manufacture. A single PSC line with universal O and rhesus (RhD)-negative 
blood type might produce sufficient universal RBCs for transfusion. PSCs have 
been shown to differentiate into an erythroid population (Qiu et al. 2008). Series 
reports came in 2008 when Lu, Ma, and Qiu successfully developed RBCs from 
human ESCs separately (Qiu et al. 2008; Lu et al. 2008; Ma et al. 2008). These 
erythroid cells began to express β-globin, and approximately 40 % of the RBCs 
became enucleated. These differentiated erythroid cells showed similar functions 
as RBCs derived from cord blood. However, the scalable expansion and generation 
of mature erythrocytes from PSCs remains a problem. Recently, Hirose reported 
that the immortalization of erythroblasts by overexpression of c-MYC and 
BCL-XL enabled large-scale erythrocyte production from human PSCs (Hirose 
et al. 2013). Another group showed the large-scale transformation of human 
ESCs into functional erythrocytes using a sequential four-step procedure (Lu 
et al. 2008). They reported that 1011 to 1012 nucleated erythroid cells can be pro-
duced from approximately 107 human ESCs; their differentiated RBCs had func-
tions comparable with normal adult RBCs. However, full maturation and efficient 
enucleation of erythroid cells from PSCs have yet to be accomplished. A deeper 
understanding of the process of erythrocyte maturation would be helpful in direct-
ing the ex vivo generation of functionally mature RBCs from stem cells.
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In terms of developmental stage, HSCs are in the intermediate phase between 
PSCs and RBCs. The in vitro induction and expansion of RBCs from HSCs can be 
divided into three steps: erythroid lineage determination, expansion of erythroid 
progenitors, and RBC maturation (Zeuner et al. 2012). In some instances, an extra 
step for HSC amplification is necessary beforehand. Cytokines and supplements 
applied to promote erythroid progenitor proliferation include lipids, SCF, IL-3, 
EPO, and/or a glucocorticoid receptor (GR) agonist. Reports trying to improve 
the expansion and differentiation of erythroid progenitors have shown that chro-
matin-modifying agents (such as valproic acid), hypoxia, agents that stabilize the 
transcription factor HIF-1α, and steroid hormones have a role during these pro-
cesses (Migliaccio et al. 2010; Chaurasia et al. 2011; Leberbauer et al. 2005; Narla 
2011; Flygare et al. 2011). For the maturation of erythrocytes, EPO and IGF-I are 
required. However, regulators for erythrocyte enucleation remain to be identified. 
It was suggested that no cytokines other than stromal cells or matrix are necessary 
for enucleation (Keerthivasan et al. 2011). The establishment of massive in vitro‒
expansion methods for human RBCs is a prerequisite for the clinical application of 
these cells; therefore, greater effort should be applied to achieve greater prolifera-
tion capacities as well as greater specificity of fully mature RBCs.

Although RBCs generated ex vivo are not in as much demand for transfusion, 
appropriate animal models and proof-of-principle human transfusion studies have 
confirmed their function in vivo. Immunodeficient mice were first used to evalu-
ate the in vivo function of cultured RBCs. Hu and coworkers further suggested 
that by depleting macrophages, human RBCs could develop and function better in 
immunodeficient mice (Hu et al. 2011). Primates are also excellent animal models 
based on their close relationship to humans. In 2011, Giarratana and colleagues 
produced the first transplantable RBCs ex vivo (Giarratana et al. 2011). In their 
study, 1010 RBCs were generated from peripheral CD34+ HSCs and transplanted 
into a health volunteer. These RBCs survived more than 26 days in the circulatory 
system, thus verifying their quality and function in vivo.

Progress has been made during the last 10 years in the ex vivo generation of 
a large number of RBCs from stem cells. However, several issues remain to be 
resolved. During the next 5 to 10 years, much work needs to be performed regard-
ing the efficient differentiation of erythroid cells from stem cells, the switch to 
adult β-globin, and the enucleation of erythrocytes. Given the limited number 
of HSCs derived from cord blood or adult sources, large-scale manufacturing of 
RBCs from PSCs will be required. However, challenges remain in the produc-
tion of a large number of RBCs that can be used clinically. Appropriate bioreac-
tor design and culture will be required to realize RBC manufacturing for clinical 
applications. The cost of RBC products is another consideration. Biosafety is par-
ticularly important for the application of RBCs generated ex vivo; good manu-
facturing practices are needed to produce stem cell-derived RBCs. This should 
encompass the choice of stem cells, the source of reagents, and the use of defined 
component-free animal culture environments as well as quality-control and qual-
ity-assurance procedures. Novel RBC products from stem cells are highly suita-
ble as an alternative to blood transfusion. If the barrier of obtaining enough RBCs 
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from stem cells is resolved, these cells might become the first stem cell‒derived 
products to be reliably used in a clinical setting.

5.5.3  Megakaryocytes/Platelets

Platelets are small cell structures in blood that are essential to the process of blood 
clotting (hemostasis). They work with clotting factors in plasma to help prevent 
bleeding. Thrombocytopenia is a condition in which the platelet count is lower 
than the normal level. Currently platelet transfusion has steadily grown to become 
an essential part of the treatment of thrombocytopenia caused by cancer, hemato-
logical malignancies, marrow failure, HSC transplantation, and surgery (Stroncek 
and Rebulla 2007). The demand for platelet transfusion has increased dramati-
cally in recent decades. In the United States, total platelet transfusion comprises 
>2.17 million apheresis-equivalent units/y. These platelets are derived entirely 
from human donors. Considering the clinically significant immunogenicity, the 
associated risk of sepsis, the blood inventory shortages due to high demand, and 
the 5-day blood shelf life, the production of mature blood cells from stem cells by 
way of large-scale manufacture is an alternative way to meet transfusion demands 
(Thon 2014).

Platelets come from special cells in the BM called “megakaryocytes.” The 
development of platelets from HSCs involves CMPs, common MK-erythroid pro-
genitors (MEPs), megakaryoblasts, megakaryocyte progenitors, and megakaryo-
cytes. Subsequently, megakaryocytes become polyploid through endomitosis. 
The cells increase in size, become full of platelet-specific granules, expand their 
cytoplasmic content of cytoskeletal proteins, and develop a highly tortuous invagi-
nated membrane system. The branches of mature magakaryocytes, which are called 
“proplatelets,” extend into the sinusoidal blood vessels of the BM and finally form 
platelets under blood shear stress (Machlus and Italiano 2013). In case of nonemer-
gency conditions, megakaryocytes are an alternative selection for platelet transfu-
sion because the infused megakaryocytes can shed platelets gradually in vivo.

The strategy used for megakaryocyte/platelet manufacture from HSCs involves 
stepwise induction, which mimics the four phases of MK/platelet development 
in vivo: (1) stem cell self-renewal; (2) MK progenitor amplification; (3) MK dif-
ferentiation/maturation; and (4) platelet release. In a three-step strategy, the first 
step was to amplify the progenitors with TPO, SCF, Flt3L, IL-6, Notch-ligands, 
SR1, and IGFBP2; the second step was to support MK differentiation by TPO, 
SCF, IL-6, and IL-9 combination; and the third step was to promote platelet bio-
genesis using TPO, SCF, IL-9, SDF-1, and FGF-4 (Reems et al. 2010; Lee et al. 
2014). Although cytokine cocktails varied in different studies, TPO and SCF were 
the two most important cytokines for megakaryocyte expansion and differentiation. 
The results of a representative study were published in 2006 when Matsunaga et al. 
reported the large-scale generation of human platelets from cord blood CD34+ 
cells using a three-phase culture system: (1) CD34+ cells were cultured on stromal 
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cells in serum-free medium supplemented with SCF, FL, and TPO for 14 days; (2) 
the cells were transferred onto fresh stromal cells with medium containing IL-11 
in addition to the original cytokine cocktail; and (3) the cells were cultured stro-
mal free in a medium containing SCF, FL, TPO, and IL-11 for another 5 days to 
recover platelet fractions from the supernatant. Approximately 2.5 to 3.4 U of 
platelets could be generated by this method (Matsunaga et al. 2006).

In addition to HSCs, PSCs were proven to be the origin of megakaryocytes and 
platelets as well. Gaur et al. established an OP9 stromal cell coculture system to 
generate megakaryocytes from human embryonic stem cells (hESCs) (Gaur et al. 
2006). Later on, Takayama et al. (2008) optimized the protocol by taking stromal 
cells together with VEGF to induce sac-like structures from hESCs. The spherical 
cells inside the sac could be induced to mature megakaryocytes in the presence 
of TPO. Feeder-free induction protocols were subsequently developed. Yu et al. 
provided a three-stage chemical defined method to sequentially induce mesendo-
derm cells (with BMP4 and Wnt3a), hemato-vascular precursors (with VEGF and 
bFGF), and hematopoietic progenitors (with retinoic acid) from hESCs (Yu et al. 
2010). Human-induced pluripotent stem cells (iPSCs) were also proven to produce 
platelets under appropriate induction. By overexpressing BMI1 and BCL-XL, 
respectively, to suppress senescence and apoptosis and the constraining overex-
pression of c-MYC to promote proliferation, Eto’s group generated immortalized 
megakaryocyte progenitor cell lines (imMKCLs) from iPSC-derived hematopoi-
etic progenitors. These imMKCLs were capable of producing sufficient functional 
platelets in vitro (Nakamura et al. 2014). Megakaryon Corporation was built based 
on this achievement, and related clinical trials will be launched in 2015. In addi-
tion to PSCs, a recent article also showed that fibroblasts could be transdifferen-
tiated into megakaryocytes by introducing three factors: p45NF-E2, Maf G, and 
Maf K. This exciting discovery provided a convenience for personalized cell ther-
apy with cells other than iPSCs (Masuda et al. 2013).

The manufacture of platelets for clinical transfusion purposes requires a series of 
technological advancements that will foster a development of bioreactors to maxi-
mize yields at each of the four biological phases of in vivo MK/platelet develop-
ment. In an antecedent study to increase platelet yield from hESCs or iPSC-derived 
MKs, Nakagawa created a two-dimensional flow culture system that mimics the 
blood vessel system. Platelets from iPSC-derived MKs with the system were gener-
ated in numbers sufficient for transfusion therapy (Nakagawa et al. 2013).

Although induced platelets derived from stem cells provide promising thera-
peutic potential, and although above-mentioned reports suggested that platelets 
could also be produced on a clinical scale, obstacles still existing before we can 
use these cells in clinical applications. One problem is that platelets, especially 
platelets generated in vitro, can easily be activated by the environment. These 
platelets become functionless after being activated in vitro. Owing to this and 
inadequate platelet production, currently there is no evidence for direct transfu-
sion of stem cell‒derived platelets. However, proof-of-principle studies have con-
firmed the applicability of stem cell‒derived megakaryocytes in the therapy of 
thrombocytopenia. A study from our group has confirmed the in vivo safety of 
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megakaryocytic progenitors derived from cord blood mononuclear cells in phase 
I clinical trials (Xi et al. 2013). Data from that study also suggested the effective-
ness of these cells. Such stem cell‒based cell therapy will soon come into clinical 
application.

For the in vitro generation of platelets from stem cells, the problems remaining 
to be solved include the following:

•	 The number of platelets produced in vitro per MK are orders of magnitude 
lower than the number produced in vivo.

•	 The quality of the generated platelets is unclear, and the safety of producing 
platelets on an industrial scale by way of biogenesis remains unknown.

•	 To boost platelet generation in vitro demands further understanding and better 
imitation of the physiological development of megakaryocytes and platelets.

Nonetheless, precedent studies provide proof-of-principle that developing in vitro 
strategies to manufacture platelets is feasible.

5.5.4  Immune Cells

The immune system can be divided into the innate immune system and the adap-
tive immune system. Monocytes, neutrophils, eosinophils, basophils, macrophages, 
DCs, and NK cells comprise the innate immune system, which responses attack 
microbes indiscriminately. In the adaptive immune response, DCs, helper T cells, 
NK cells, and antigen-specific CTL participate, respectively, in antigen presenta-
tion, immune response orchestration, and killing infected cells. Cellular immu-
nity is an important immune response when the body encounters viruses, bacteria, 
and cancers; it is also plays an important role in tissue transplantation. Adoptive 
cell transfer after host preconditioning by lymphodepletion represents an impor-
tant advance in cancer immunotherapy. Immune effector cells—such as lympho-
cytes, macrophages, DCs, NK cells, CTLs, etc.—work together to defend the body 
against cancer by targeting abnormal antigens expressed on the surface of the 
tumor due to mutation. Stem cell‒derived immune cells have now shown great fea-
sibility in adjuvant cancer immunotherapy (Gattinoni et al. 2006).

5.5.5  DCs

Antigen-presenting cells (APCs) have been shown to play a crucial role in the 
induction of tumor-protective immune responses by generating tumor-specific T 
cells. DCs are the most potent APCs among others like monocytes, macrophages, 
and B cells. Currently DCs have increasingly become the adjuvant of choice in 
new approaches to cancer immunotherapy. DC trials have shown encourag-
ing results in treating various types of cancer such as lung and breast. Owing to 
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limited autologous DC numbers, large donor-to-donor variability, and frequent DC 
defects in cancer patients, alternative DC sources are appealing.

DC can be generated from CD34+ cells using GM-CSF and TNF-α or CD14+ 
monocytes derived from peripheral blood using GM-CSF and IL-4. Because DC 
therapy requires a cell number of 108/patient, scale-up DC generation from PSCs, 
including hESCs and hiPSCs, was recently developed. Given the unique prolifer-
ative capacity, the hPSC-based process has the potential for mass production of 
DCs at a scale >1010 cells. The HSC is the intermediate stage of hPSC-DC induc-
tion. Similar to deriving HSCs, there are two methods for DC differentiation from 
hPSCs: (1) through the formation of EBs in suspension culture; and (2) by cocul-
ture with mouse OP9 stromal cells. To fulfill the potential of hPSC-derived DCs, 
large-scale production in bioreactors is a critical step toward clinical application. 
The use of bioreactors—including spinner flasks, rotating wall vessels, and perfu-
sion bioreactors, which use the advantage of shear stress—has been shown to be 
possible in scale-up DC generation (Li et al. 2014; Reinhard et al. 2002).

5.5.6  NK Cells

NK cells are part of the innate immune system that are derived from CD34+ HSCs 
and undergo differentiation by way of precursor NK cells in BM through sequen-
tial acquisition of functional surface receptors. NK cells express their own reper-
toire of receptors, including activating and inhibitory receptors, that bind to major 
histocompatibility complex (MHC) class I‒ or class I‒related molecules. The bal-
ance between activating and inhibitory receptors determines the function of NK 
cells to kill targets (Suk Ran et al. 2007) NK cells are an alluring option for immu-
notherapy due to their ability to kill infected cells or cancer cells without previous 
sensitization.

Throughout the past 20 years, different groups have been able to reproduce NK 
cell development in vitro, and NK cell ontogeny studies have provided the basis 
for the establishment of protocols to produce NK cells in vitro for immunother-
apy. Notably, the use of NK cells for immunotherapy relies on the availability of 
a great number of NK cells (1 × 107 to 2 × 107 cells/kg) with optimal cytotoxic 
activity, whereas autologous NK cells in peripheral blood is limited. (Luevano 
et al. 2012). Derived NK cells have become a superior choice to induce stem cells 
for cancer immunotherapy. Regarding HSC‒to‒K cell differentiation, Miller et al. 
suggested that intimate contact with stromal cells is needed for the most primi-
tive progenitors to differentiate into NK cells, but it is not longer required after 
the first step when commitment happens. Stromal cells are also required for 
the large-scale generation of NK cells (Miller et al. 1994) Willams et al. (1998) 
worked out a step-wise NK cell‒induction protocol in 1998: In phase 1, IL-7, SCF, 
and FLT3 ligand (Flt3L) acted on the NK lineage commitment with the expres-
sion of IL-2Rβ; and in phase 2, IL-15 was used to further the expansion and matu-
ration of NK cells. Clinical trials were carried out based on these strategies. In 
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2011, Spanholtz et al. used a closed-system culture process to produce large-scale, 
highly active, and functional NK cells for a phase I dose-finding trial in elderly 
AML patients (Spanholtz et al. 2011).

Human ESC‒derived hematopoietic precursors have also proven be able to 
produce functional NK cells. Recently, Woll et al. efficiently generated functional 
NK cells from H9 hESCs by a two-step culture method. These NK cells expressed 
maturation markers, including KIRs, natural cytotoxic receptors, and CD16, and 
possessed the ability to lyse tumor cells by direct cell-mediated cytotoxicity and 
ADCC. Furthermore, these hESC-derived NK cells could mediate an effective 
antitumor response in an in vivo xenogeneic mouse model, which was more effec-
tive compared with UCB-derived NK cells. The NK cell products enhanced cell-
based therapies with the potential to serve as a “universal” source of antitumor 
lymphocytes (Knorr and Kaufman 2010; Woll et al. 2009).

5.5.7  CIK Cells

CIK cells are polyclonal T-effector cells generated when cultured under cytokine 
stimulation. CIK cells exhibit potent, non‒MHC-restricted cytolytic activities 
against susceptible tumor cells of both autologous and allogeneic origins. During 
the past 20 years, CIK cells have evolved from experimental observations into 
early clinical studies with encouraging preliminary efficacy toward susceptible 
autologous and allogeneic tumor cells in both therapeutic and adjuvant settings. 
CIK cells can be generated successfully from healthy donors as well as from 
patients treated with chemotherapy for various malignancies and patients undergo-
ing peripheral blood progenitor cell (PBSC) leukapheresis. Stem cells have again 
become an alternative source of CIK cells. The feasibility of large-scale expansion 
was reported for cord blood and even for washout of leftover mononuclear cells 
from cord blood unit bags (Introna et al. 2006; Linn and Hui 2010). The therapeu-
tic potential of cord blood‒derived CIK cells was proven later on by Niu et al. who 
showed that CB-CIK, together with chemotherapy, had a significant effect on the 
treatment of solid malignancies (Niu et al. 2011). These correlated observations 
open up the possibility of stem cell-based cancer immunotherapy in near future.

5.6  Gene Therapy with Hematopoietic Stem Cells

Cell-based therapies are fast-growing forms of personalized medicine that make 
use of the steady advances in stem cell manipulation and gene-transfer technolo-
gies. Ex vivo cell therapies are based on the ability to isolate stem, progenitor, or 
differentiated cells from a patient or a normal donor, expand them ex vivo with 
or without genetic modification, and administer them to the patient to establish 
a transient or, more often, a stable graft of the infused cells and their progeny. 
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Because the best developed and most successful cell therapy is HSC transplanta-
tion (HCT), ex vivo gene-transfer procedures can be integrated into standard HCT 
protocols and achieve rapid clinical translation. HSC gene therapy represents an 
emerging therapeutic option for several monogenic diseases of the blood and the 
immune system as well as for storage disorders, and it may become a first-line 
treatment option for selected disease conditions.

The current protocol for ex vivo HSC gene therapy includes HSC isolation, ex 
vivo expansion, retrovirus infection with functional gene, and modified HSC infu-
sion after a few days of manipulation. HSC gene therapy has been applied to the 
treatment of severe combined immuno-deficiency (SCID). The 10-year long-term 
follow-up of the clinical studies gives exciting outcomes: Most treated patients 
have had their immunodeficiency corrected. However, negative results were also 
observed, in which vector-induced hematological malignancy occurred. Better 
understanding of the mechanisms of vector insertional mutagenesis and the explo-
ration of novel vectors might finally realize the gene therapy procedure (Hacein-
Bey-Abina et al. 2010; Naldini 2011).

5.7  Conclusion

The generation of RBCs from stem cells in vitro has been called “blood pharm-
ing” by the Defense Advanced Research Projects Agency (DARPA). Accordingly, 
the manufacture of blood cells with other functions, such as megakaryocytes/plate-
lets, DCs, T cells, etc., can be called blood pharming as well based on their great 
therapeutic significance. To fulfill hematopoietic cell generation at a clinical scale 
may eventually provide new opportunities for human health.
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Abstract Stem cells have a unique ability to self-renewal and a potential to 
 differentiate into one or more types of specialized cells. These properties in vivo 
are commonly maintained and regulated by signaling pathways involved in cell-
to-cell communications. Signaling communications occur between stem cells 
and the niche supporting cells, as well as between stem cells and their differenti-
ated daughter cells. Different types of stem cells within the same tissue are also 
coordinately regulated by signaling pathways to maintain tissue architecture and 
function. Signaling pathways are also critical in mediating stem cell activation in 
response to tissue damage for accelerated regeneration. This chapter will review 
signaling mechanisms in controlling various behaviors of several well-character-
ized tissue stem cells, including self-renewal, differentiation, and regenerative acti-
vation of stem cells.

Keywords Stem cell · Signaling pathway · Mechanisms

6.1  Introduction

Adult stem cells or tissue stem cells have been a research of focus for many years, 
due to their prominent roles in a variety of biological processes, including tis-
sue homeostasis, regeneration, organogenesis, and tumorigenesis. Stem cells are 
a population of undifferentiated cells that can self-renew via mitosis and differ-
entiate into specialized progenies. There are many types of adult stem cells, such 
as hematopoietic stem cells (HSCs), neuronal stem cells (NSCs), intestinal stem 
cells (ISCs), and germline stem cells (GSCs) (Li and Xie 2005; Gancz and Gilboa 
2013). Tightly controlled proliferation and differentiation of these stem cells 
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throughout adulthood is critical for normal tissue homeostasis and damage repair. 
Once such regulation is disrupted, uncontrolled stem cells may lead to tumor ini-
tiation or stem cell depletion and consequently degenerative diseases (Voog and 
Jones 2010).

Adult stem cells commonly reside in a specialized tissue microenvironment 
or niche, and secreted signals from the niche have important roles in regulating 
stem cell maintenance, proliferation, and differentiation (Schofield 1977; Morrison 
and Spradling 2008). These secreted niche signals usually directly activate surface 
receptors on the cell membrane of stem cells, followed by the activation of signal 
cascades in the cytoplasm and eventually the activation of transcription factors and 
gene expression programs, which controls the proliferation, survival, or differenti-
ation of stem cells. Signaling pathways are also commonly involved in mediating 
the response of stem cells to external stimuli (nutrient, tissue damage, and bacterial 
infection, etc.) to coordinate stem cell activity with demands. Recent advances in 
cell biology and biochemistry have largely illustrated details of these signaling path-
ways, and genetic analysis on model organisms such as Drosophila melanogaster 
and Mus musculus has provided insights into their functions in stem cell regulation. 
In the following parts, we will provide an overview of several commonly utilized 
signaling pathways and their roles in the regulation of adult stem cells.

6.2  Wnt Pathway

The Wnt signaling is highly conserved from invertebrates to vertebrates (Klaus 
and Birchmeier 2008). Since the discovery of the Drosophila segment polarity 
gene Wingless and its homologue Int-1 in the murine (Nusse and Varmus 1982; 
Rijsewijk et al. 1987), more mutations identified in Drosophila with similar phe-
notypes with wg−/− have led to the identification of downstream signaling com-
ponents, which constitute the canonical Wnt signaling cascade (Nusse et al. 
1991). Activation of the pathway requires the binding of secreted Wnt ligands to 
Frizzled receptors and LRP5–LRP6 co-receptors in the plasma membrane (Finch 
et al. 1997). The central player during Wnt signal transduction is a cytosolic pro-
tein called β-catenin. Under quiescent state, newly synthesized β-catenin binds to 
a destructive complex consisting of two scaffold proteins—the tumor suppressor 
adenomatous polyposis coli (APC) and Axin—and two kinases in this complex, 
CKI and GSK3, and sequentially phosphorylates a set of conserved Ser and Thr 
residues in the N-terminus of β-catenin afterward (Peters et al. 1999; Amit et al. 
2002). The phosphorylated signal can be recognized by a b-TrCP-containing E3 
ligase and lead to proteasomal degradation of β-catenin (Liu et al. 2002; Aberle 
et al. 1997). Meanwhile, with little β-catenin in the nucleus, transcription factors 
such as TCF and LEF interact with c-repressor Groucho or CtBP to repress Wnt-
specific target genes (Cavallo et al. 1998; Fang et al. 2006).

Upon activation by Wnt binding, LRP5–LRP6 phosphorylation and Dishevelled 
aggression serve as mediator and lead to the translocation of Axin to the plasma 
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membrane and thus inactivates the destructive complex (Bilić et al. 2007). 
Cytosolic β-catenin could accumulate and enter the nucleus afterward, and the 
mechanism of the translocation still remains unclear. In the nucleus, it forms a 
transcriptionally active complex with LEF and TCF transcription factors by dis-
placing Groucho and interacting with other co-activators such as BCl9, Pygopus, 
CBP (CREB-binding protein), or Hyrax, promoting activation of Wnt target genes 
(Hecht et al. 2000; Mosimann et al. 2006) (Fig. 6.1).

In addition to canonical Wnt pathway described above, some Wnt ligands and 
Frizzled receptors, and the Dishevelleds, are capable of activating a β-catenin 
independent, non-canonical Wnt signaling cascade, including the planar cell polar-
ity (PCP) pathway and the Ca2+-dependent Wnt signaling pathway (Seifert and 
Mlodzik 2007; Veeman et al. 2003). They may function in regulating polarization 
of cells and directed cell motility, as well as transforming capacity in cell culture. 
However, mutations in non-canonical Wnt pathway components have not been 
reported to be associated with tumorigenesis.

Fig. 6.1  The canonical Wnt signaling pathway. Under quiescent state, newly synthesized 
β-catenin binds to and is phosphorylated by a destructive complex consisting of two scaffold pro-
teins—APC and axin—and two kinases, CKI and GSK3 (Peters et al. 1999; Amit et al. 2002). 
The phosphorylated β-catenin can be recognized by a b-TrCP-containing E3 ligase, which leads 
to proteasomal degradation of β-catenin (Liu et al. 2002; Aberle et al. 1997). Wnt binding to the 
receptors leads to inactivation of the destructive complex (Bilić et al. 2007). Cytosolic β-catenin 
then accumulates and enters the nucleus. In the nucleus, β-catenin forms a transcriptionally 
active complex with LEF and TCF transcription factors and other co-activators such as BCl9, 
Pygopus, CBP (CREB-binding protein), or Hyrax to displace Groucho and promote activation of 
Wnt target genes (Hecht et al. 2000; Mosimann et al. 2006)
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Decades of studies on model organisms have revealed that a variety of stem 
cells are regulated by the Wnt signaling pathway. In vitro-cultured mouse ESCs 
were laid on a layer of fibroblasts in order to obtain the necessary factors, among 
which Wnt signal was found to be necessary for mESC self-renewal and pluripo-
tency maintenance (Young 2011). Other approaches that activate this pathway are 
also effective, including overexpression of an active form of β-catenin or treat-
ment with GSK3 inhibitors (Sato et al. 2003). However, in terms of human ESC, 
whether Wnt/β-catenin signaling maintains them in an undifferentiated and self-
renewing state, or whether it promotes differentiation, remains controversial (Day 
et al. 2005). During the process of gastrulation, Wnt pathway is required for gen-
eration of primitive streak (PS), which will ultimately differentiate into mesoderm 
or definitive endoderm, whereas ectoderm formation is blocked by this pathway 
(Lindsley et al. 2006; Aubert et al. 2002). Further differentiation after germ layer 
formation is also regulated by Wnt/β-catenin signaling; for example, it inhibits 
cardiac differentiation and may redirect the cells to alternate mesodermal fates like 
hematopoietic lineage (Murry and Keller 2008; Trompouki et al. 2011). Reports 
also show that non-canonical Wnt/PCP and Wnt/β-catenin signaling cooperates to 
regulate the cell-fate choice in asymmetrically dividing cells in Xenopus embryo 
by restricting Lrp6 to the basolateral part of the stem cell (Glinka et al. 2011).

During adulthood, Wnt/β-catenin pathway also regulates proliferation and dif-
ferentiation of adult stem cells, among which the best well characterized might be 
ISC. In mammalian small intestine, ISCs are located in the bottom of the crypt, 
while their progenies move upward to the villi. Paneth cells surrounding ISCs 
secrete WNT3 to maintain ISCs via induced expression of Wnt target genes such 
as cMyc and cyclin D (Li and Xie 2005). Other targets of β-catenin/Tcf signaling 
include ephrin receptors EphB2 and EphB3, which function in establishing crypt–
villus boundaries and positioning of paneth cells at the crypt bottom (Batlle et al. 
2002). Besides, additional Wnt signals could promote differentiation of paneth 
cells by the activation of genes specific to paneth cells, such as cryptidin (van Es 
et al. 2005).

Compared to its mammalian counterparts, Drosophila midgut provides a sim-
pler model to study ISC regulation (Micchelli and Perrimon 2005). Along the 
midgut, Wg ligand secreted by the underlying muscle cells contributes to self-
renewal of ISCs to maintain the stem cell pool (Lin et al. 2008). During tissue 
regeneration, Wg could also be induced in progenitors to promote ISC prolifera-
tion (Cordero et al. 2012). Hair follicle stem cells are also regulated by the Wnt/
β-catenin signaling pathway. In comparison with ISCs, bulge stem cells remain 
quiescent when undergoing a resting phase and reside in a Wnt-restricted envi-
ronment (DasGupta and Fuchs 1999). TCF3 with no β-catenin association may 
function to maintain skin stem cells in an undifferentiated state through repres-
sion of specific TCF target genes. Once entering regenerative phase, Wnt signaling 
pathway is activated and β-catenin stabilized, which will relieve TCF3 repression. 
Meanwhile, β-catenin interacts with another LEF/TCF member LEF1, which will 
activate bulge stem cells and generate new hair follicles (Lowry et al. 2005). As 
the stem cells proliferate and undergo a differentiated lineage, β-catenin binds to 
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other TFs to promote hair shaft cell differentiation, while β-catenin deficiency 
leads to the genesis of epidermal cell, indicating that Wnt signaling also partici-
pates in fate choice (Lowry et al. 2005). These studies indicate that by binding 
to different partners, Wnt/β-catenin pathway could coordinately regulate self-
renewal, proliferation as well as terminal differentiation of hair follicle stem cells 
(Blanpain et al. 2007; Choi et al. 2013).

HSC residing in bone marrow is the origin of blood cells and immune cells. 
Wnt ligands, secreted by HSCs themselves as well as by the microenvironment, 
are responsible for self-renewal of HSC and progenitor cells, as well as maintain-
ing them in an undifferentiated state (Rattis et al. 2004). Deletion of β-catenin in 
mouse models blocks long-term growth and maintenance of HSC and reduced 
possibility to develop BCRABL-induced chronic myelogenous leukemia (Austin 
et al. 1997; Jamieson et al. 2004).

In the nervous system, both central and peripheral, astrocytes generate Wnt3a 
to promote proliferation and neuronal fate commitment of neural precursors via 
canonical Wnt/β-catenin pathway (Lee et al. 2004). Wnt also promotes differ-
entiation of NSCs into neuronal and astrocyte lineages in a time- and location-
dependent manner (Toledo et al. 2008). In other systems, including mammary 
stem cells (MaSC) and airway stem cells, canonical Wnt pathway regulates their 
maintenance and self-renewal in a manner similar to that described above (Zeng 
and Nusse 2010; Zhang et al. 2008).

The common requirement in various types of stem cells makes the Wnt signal-
ing cascade critical in both organ development and tumorigenesis. Depletion of 
Wnt/β-catenin activities will result in a series of morphological and functional 
defects, including the absence of intestinal crypts or hair follicles (Pinto et al. 
2003; Andl et al. 2002). On the contrary, aberrant activation of Wnt pathway will 
lead to hyper-accumulation of stem and progenitor cells, which further might 
induce tumorigenesis. Leukemia, breast cancer, and the majority of familial and 
sporadic colon tumors are, to some extent, associated with mutations that lead to 
constant activation of Wnt signaling pathway (Jamieson et al. 2004; Korkaya et al. 
2009; Phelps et al. 2009).

6.3  Notch Pathway

The first Notch mutant was identified in Drosophila a century ago by Morgan 
(1917). The Notch pathway is evolutionarily conserved from invertebrates to ver-
tebrates and plays fundamental roles in a broad range of development processes.

In the canonical Notch pathway of Drosophila, the receptor Notch, a single-
pass transmembrane receptor consisting of a large extracellular region with epi-
dermal growth factor-like repeats and an intracellular region, interacts with 
the membrane-bound ligands Delta(Dl) or Serrate(Ser) (Delta-like and Jagged 
in mammalian) from the neighboring cells. A cascade of proteolytic events is 
triggered after the ligand–receptor interaction, resulting in the release of the 
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intracellular domain (NICD) of Notch to the cytoplasm. The NICD then trans-
locates into the nucleus to form a transcriptional complex with the co-activator 
Mastermind (Mam) and the DNA-binding protein Suppressor of Hairless [Su(H)]
(CSL, CBF1/RBPJK in mammalian) to regulate gene expression (Bray 2006; 
Kopan and Ilagan 2009) (Fig. 6.2). There is also increasing evidence for a ligand- 
or transcription-independent non-canonical Notch pathway that exerts important 
biological functions, which we will not discuss here but have been reviewed else-
where by Heitzler (2010), Andersen et al. (2012).

Notch signaling has been implicated to function critically in many kinds of 
stem cell lineages, such as stem cells in skin, nervous system, hematopoietic sys-
tem, muscle, liver, kidney, and intestine. As mentioned above, Notch signaling is 
a very simple signaling cascade even without a second messenger, but its function 
is highly context dependent and can be modulated at multiple levels, allowing it 
to play a variety of biological roles from stem cell maintenance to multiple cell 
lineage differentiation. Here, we mainly focus on its roles in embryonic stem cells 
(ESCs) and adult stem cells in hematopoietic system and intestine.

Fig. 6.2  The canonical Notch signaling pathway in Drosophila. The single-pass transmembrane 
receptor Notch can be activated by the membrane-bound ligands, Delta (Dl) or Serrate (Ser), 
from neighboring signal-sending cells. The ligand–receptor interaction induces a cascade of pro-
teolytic events, which leads to the release of Notch intracellular domain (NICD) from the cell 
membrane. The NICD translocates into the nucleus, where it forms a transcriptional complex 
with the co-activator Mastermind and the DNA-binding protein Suppressor of Hairless (Su(H)) 
to regulate its target gene expression
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There is no detectable Notch activity in human embryonic stem cells (hESCs), 
and Notch is not required for the hESC maintenance (Noggle et al. 2006). But 
Notch plays important roles in cell-fate decision during ESC differentiation. 
Activation of Notch signaling in ESCs under differentiation condition promotes 
the neural commitment of ESCs, resulting in differentiation into neuroectodermal 
progenitor cells (Lowell et al. 2006). Conversely, loss or downregulation of the 
Notch activity leads to cardiac mesodermal differentiation (Schroeder et al. 2003; 
Nemir et al. 2006; Jang et al. 2008). Therefore, Notch is not required for ESC 
maintenance but modulates the outcome during differentiation.

The hematopoietic system is relatively complex, which consists of multiple 
cell lineages. Notch has involved in many aspects of hematopoiesis. Notch sign-
aling is required for the generation of HSCs in the aorta-gonad-mesonephros 
(AGM) region during embryogenesis and in the long-term definitive hematopoie-
sis past the early fetal liver stage (Kumano et al. 2003; Robert-Moreno et al. 2008; 
Hadland et al. 2004). It also functions in HSC maintenance in the marrow. Many 
Notch ligands are expressed by the hematopoietic niche (Karanu et al. 2001; 
Fernandez et al. 2008), and increased Notch activity in HSCs promotes expansion 
of HSCs and hematopoietic progenitor cells in vivo and in vitro (Calvi et al. 2003; 
Butler et al. 2010; Stier et al. 2002; Varnum-Finney et al. 2003; Karanu et al. 
2000). In contrast, inhibition of Notch activity in HSCs displays no detectable 
effect on HSC maintenance (Mancini et al. 2005; Maillard et al. 2008). Therefore, 
Notch signaling is dispensable for adult HSC maintenance, but its activation 
is sufficient to promote HSC proliferation. In addition, Notch signaling is also 
essential for the differentiation of HSCs and other hematopoietic progenitor cells. 
Enforced Notch activity in the hematopoietic progenitor cells promotes T cell 
commitment (de La Coste et al. 2005; Radtke et al. 2004), and loss of the activity 
leads to T cell deficiency (Radtke et al. 1999). Notch also plays a role in cell-fate 
decision among myeloid progenitors, and activation of Notch both in vivo and in 
vitro induces megakaryocyte development (Mercher et al. 2008). Therefore, the 
role of Notch signaling in hematogenesis is important for lineage commitment at 
multiple branch points of hematopoiesis. Further investigation into the mechanism 
of the Notch function in different lineages may facilitate the understanding of the 
complexity of Notch function in hematopoietic system.

Compared to the mammalian system, the Drosophila midgut is a much simpler 
model system for studying signaling regulation of stem cells. The midgut ISCs 
usually asymmetrically divide into a new ISC and an intermediate enteroblast 
(EB), and EB can further differentiate into either an enterocyte (EC) or an enter-
oendocrine (ee) cell (Micchelli and Perrimon 2005; Ohlstein and Spradling 2005, 
2007). Notch signaling plays crucial roles in the binary cell-fate decision and ter-
minal differentiation of EB. The Notch ligand Dl is specifically expressed in ISCs 
and activates Notch activity in their immediate daughter EBs. Overexpression of 
the NICD in progenitor cells invariably induces EC differentiation, while loss of 
Notch leads to the expansion of ISC-like cells and ee cells. Therefore, it has been 
proposed that EBs that receive high levels of Notch activity will differentiate into 
ECs, whereas EBs that receive low or no Notch activity will differentiate into ee 
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cells (Micchelli and Perrimon 2005; Ohlstein and Spradling 2005, 2007). In mam-
malian intestine, Notch regulates both the maintenance and differentiation of ISC. 
In contrast to that in Drosophila gut, ISCs in mammals are also signal-receiv-
ing cells where the receptors Notch1 and Notch2 are expressed (Fre et al. 2011; 
Pellegrinet et al. 2011). Activation of Notch in ISCs promotes their amplification, 
and activation of Notch in progenitor cells favors absorptive cell differentiation 
over secretory cell differentiation (Fre et al. 2005; Ueo et al. 2012). Conversely, 
loss of Notch activity leads to the loss of ISCs and increased production of the 
secretory goblet cells (Ueo et al. 2012; Riccio et al. 2008; Milano et al. 2004). 
In addition to HSCs and ISCs, Notch is involved in the regulation of many other 
types of stem cells, which will not be discussed here but are summarized by Liu 
and Carolina (Liu et al. 2010; Perdigoto and Bardin 2013).

Taken together, Notch signaling is involved in many aspects of stem cell 
behavior, including maintenance, cell-fate decision, and terminal differentiation. 
Immediate questions remaining to be answered include how the specificity of 
Notch function in a different context is achieved and how the pathway is regu-
lated to meet the needs during tissue homeostasis and in response to environmen-
tal changes.

6.4  EGFR Pathway

As a central element for a variety of cellular response and signaling transduction 
network, the epidermal growth factor receptor (EGFR) family has fundamental 
roles in the development of multicellular organisms. EGFR signaling pathway 
has been reported to regulate many cellular functions including the cell survival, 
motility, proliferation, and cell-fate decision. Disruption of the signaling pathway 
is frequently implicated in the development of human tumors, proposing EGFR 
as a prognostic marker or target in cancer therapy. In this part, we will focus on 
the critical role of EGFR signaling pathway as regulators of stem cell properties 
including maintenance and differentiation.

The role of EGFR in regulating stem cell proliferation and self-renewal has 
been well described in many tissues, including neural system, intestine, and mam-
malian epidermis.

Proliferation of stem cells is crucial for tissue homeostasis and regeneration 
during wound repairing, especially in tissues with high turnover. A typical sys-
tem is Drosophila intestine, where EGFR promotes the proliferative capacity 
of ISCs to maintain gut homeostasis and regeneration after damage (Jiang et al. 
2011). The EGFR ligand, Vein, is specifically expressed in visceral muscle sur-
rounding the midgut epithelium as a proliferating niche signal. And two addi-
tional EGFR ligands, Spitz and Keren, serve as autocrine signals to redundantly 
promote ISC proliferation and maintenance (Biteau and Jasper 2011; Xu et al. 
2011). Damage in midgut epithelium induces multiple EGFR ligands to acti-
vate EGFR/Ras/MAPK signaling pathway in ISCs, which is required in ISC 
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proliferation and tissue regeneration (Jiang et al. 2011). The synergetic coopera-
tion of EGFR with other signaling pathways, including JAK/STAT and Wingless 
signaling, is essential for ISC maintenance (Jiang et al. 2011; Xu et al. 2011; 
Buchon et al. 2010).

Similar in Drosophila intestine, interaction of EGFR with other signaling path-
ways is also crucial in the regulation of stem cell maintenance in nervous system. 
In the adult brain, the subventricular zone (SVZ) and the dentate gyrus are the 
niches that maintain neural stem cells (NSCs) and neural progenitor cells (NPCs), 
and balance of sizes between these two populations is critical for brain homeostasis 
(Alvarez-Buylla and Lim 2004). In the SVZ, Notch signaling is required to main-
tain NSCs, while EGFR is responsible for the development of NPCs (Hitoshi et al. 
2002; Alexson et al. 2006; Lillien and Raphael 2000). Through direct interaction 
between NSCs and NPCs, the cooperation of EGFR signaling and Notch signaling 
occurs to maintain the balance between these two populations (Aguirre et al. 2010).

Along with its well-described role in regulating cell survival and prolifera-
tion, EGFR signaling also functions in the differentiation of certain types of stem 
cells or progenitor cells. In Drosophila eye disc, EGFR activation triggers differ-
entiation of all retinal cell types (Freeman 1996). The generation of distinct cell 
fates depends on the combinatorial effect of EGFR signaling with other signal 
responses (Flores et al. 2000). Combination of EGFR and Notch signaling regu-
lates cone cell specification, while specification of R7 cells requires the Sevenless 
receptor tyrosine kinase besides EGFR and Notch signaling (Flores et al. 2000; 
Cooper and Bray 2000). In other species like freshwater planarians, EGFR signal-
ing is also essential in the process of differentiation and morphogenesis. Silencing 
planarian EGFR gene using RNAi results in the abnormal differentiation of certain 
cell types and various tissue defects (Fraguas et al. 2011).

EGFR also regulates the mobility of stem cells. In various tissues, EGFR  
signaling is linked to a more mobile phenotype in both immature progenitors and 
committed cells. In transplanted embryonic progenitor cells, continuous EGF  
signaling stimulates their proliferation and migration (Fricker-Gates et al. 2000). 
In the case of mature tissue system, active EGFR signaling also enhances the 
migration of NSCs and HSCs, providing a possible pharmacological strategy for 
cellular transplantation in disease therapy (Ryan et al. 2010; Boockvar et al. 2003; 
Ayuso-Sacido et al. 2010).

EGFR signaling pathway plays a central role in a variety of fundamental cel-
lular functions including cell growth, proliferation, transformation, and mobi-
lization. The ability that the single receptors function in such diverse processes 
attributes to the cell types that receive the EGF stimulation and combinatorial 
effect of multiple signaling pathways. Due to the complexity of the EGFR trans-
duction network, the mechanism regulating the interconnected network and the 
resulting responses still remains incompletely clear. Since EGFR signaling is fre-
quently implicated in hyper-proliferative diseases, more mechanistic studies of its 
involvement in cellular responses under both normal and pathological conditions 
are needed for the understanding of disease mechanisms and the development of 
therapies.
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6.5  BMP Pathway

BMP signaling has diverse functions in multicellular organism development and 
recently has been reported to function as an essential regulator of stem cell main-
tenance and cell-fate decision. In this section, we will discuss how BMP signaling 
regulates stem cell properties and its potential role in cancer development.

BMPs belong to TGF-β superfamily and signal through receptor-mediated 
intercellular pathway to regulate expression of target genes. There are two types 
of receptors, one with type I receptor (Bmpr II) and three with type II receptors 
(Alk2, Alk3, and Alk6). Activation of the BMP pathway involves the formation of 
heteromeric complex of type I receptor and type II receptor upon ligand binding, 
which mediates the phosphorylation of type I receptor. Then, downstream intercel-
lular messengers are three classes of Smad proteins: receptor-mediated Smad1/5/8 
(R-Smad), the common mediator Smad4 (Co-Smad), and the inhibitory Smad6/7 
(I-Smad). Activated type I receptor mediates R-Smad phosphorylation, which 
induces the formation of R-Smad/Co-Smad complex. The heteromeric Smad com-
plex then translocates to the nucleus and regulates target gene expression in coop-
eration with other transcription factors. I-Smad functions to negatively regulate 
the Smad signaling pathway. A downstream pathway in parallel with the canoni-
cal BMP pathway is TAK1/MAPK pathway. TAK1 is a MAPKKK tyrosine kinase, 
which is activated by linking to the receptor mediated by X-linked inhibitor of apop-
tosis (XIAP). Notably, TAK1 also participates in JNK and NF-kB pathway, provid-
ing a possible means of cross talk between BMP and other signaling pathways.

The BMP pathway has a role in maintaining mammalian embryonic stem cell 
self-renewal. ESCs are stem cells with widest developmental capacity, which 
can contribute to all three germ layers: the ectoderm, mesoderm, and endoderm 
(Chambers and Smith 2004). ESCs are derived from the inner cell mass (ICM) 
of the blastocyst embryos and can be stably maintained in in vitro culture under a 
proper condition, thus providing a widely used system to study self-renewal and 
commitment of stem cells.

A series of studies in mouse ES cells have shown that BMP pathway is able to 
maintain cultured mES cells in undifferentiated state (Ying et al. 2003). mESCs 
can be cultured with a layer of mouse embryonic fibroblast (MEF) cells to pro-
duce supporting factors including leukemia inhibitory factor (LIF). LIF effectively 
supports mESCs’ self-renewal in culture conditions containing serum, but in the 
absence of feeder cells or serum, LIF alone cannot maintain pluripotency but 
induce neural differentiation of mESCs (Ying et al. 2003; Ying and Smith 2003). 
However, treatment in combination with LIF and BMP4 suppressed neural differ-
entiation and is sufficient to maintain pluripotency of mESCs without feeder cells 
or serum (Ying et al. 2003). It is well known that in contrast to LIF, which favors 
neural differentiation through Stat3, BMP signaling inhibits neural differentiation 
(Ying et al. 2003; Tropepe et al. 2001). Therefore, coordination of LIF and BMP 
signaling and their balanced mutual inhibition are crucial for mESC maintenance.
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By contrast, BMPs in human ESCs promote differentiation (Pera et al. 2004). 
Unlike mESCs, hESCs need basic fibroblast factors (bFGF) rather than LIF to 
support self-renewal and pluripotency when cultured with a feeder layer or fibro-
blast-conditioned media. High level of BMP signaling was found in uncondi-
tionally cultured hESCs. Moreover, in the absence of feeder layer or conditioned 
media but in the presence of bFGF, cultured hESCs require exogenous BMP 
antagonist Noggin to maintain pluripotency (Wang et al. 2005; Xu et al. 2005). 
This divergent response to BMP signaling may be due to the fundamental distinc-
tions between mESCs and hESCs, as they are probably at different pluripotent 
states (Pera and Trounson 2004).

BMP signaling is also one of the key regulators of cell-fate commitment in 
stem cell differentiation. Here, we take neural crest stem cells (NCSCs) as an 
example. In vertebrates, the neural crest originates from dorsal neural tube dur-
ing early development and will later migrate and generate multiple cell types 
including melanocytes, smooth muscle, and neurons and glia of peripheral neural 
system. Among the neural crest are subsets of pluripotent NCSCs, which can self-
renew and differentiate into diverse cell types. In rat NCSCs, BMPs can induce 
their differentiation into autonomic precursor cells expressing Mash1, while con-
tinuous BMP signaling contributes to neuronal commitment (Shah et al. 1996). 
Therefore, cell-fate determination directed by BMPs is a multistep process.

The BMP pathway has a central role in the maintenance of GSCs in 
Drosophila. GSCs and their surrounding niche cells are located at the germarium 
in Drosophila ovary. The cap cells directly contacting GSCs, together with the fil-
ament cells, form the supporting niche for GSCs (Lin 2002; Xie and Spradling 
2000). BMPs, including Dpp and Gbb, are key molecules that are secreted by cap 
cells in GSC maintenance and self-renewal. Dpp/Gbb signaling promotes GSC 
expansion and disruption of their expression resulting in GSC loss (Lin 2002; 
Xie and Spradling 2000). Inhibition of the differentiation-promoting gene, bag of 
marbles (bam), is critical for Dpp/Gbb to regulate GSC self-renewal (Chen and 
McKearin 2003; Song et al. 2004). This machinery also functions in maintaining 
GSCs in Drosophila testis, where hub cell plays the role of niche to support GSCs. 
But in testis, other pathways including JAK/STAT signaling are also essential for 
GSC maintenance (Kiger et al. 2001; Tulina and Matunis 2001).

In summary, BMP signaling pathway has diverse functions in different organ-
isms at different developmental stages. Much evidence has shown that BMP sign-
aling plays an essential role in promoting self-renewal of many types of stem cells, 
such as mammalian ESC, Drosophila GSC and various somatic stem cells. BMP 
signaling is also involved in the regulation of cell-fate determination, which is well 
studied in the development of NCSCs. In most cases, BMP functions in coordi-
nation with other signaling pathways to regulate stem cell properties. Therefore, 
balanced control of stem cell activity involves delicate mechanisms, which usually 
requires the cooperation of multiple signaling pathways.



156 X. Guo et al.

6.6  JAK-STAT Pathway

The Janus kinase/signal transducers and activators of transcription (JAK-STAT) 
pathway, initially discovered in mammalian about two decades ago (Firmbach-
Kraft et al. 1990; Wilks et al. 1991; Shuai et al. 1993; Muller et al. 1993; Watling 
et al. 1993; Shuai et al. 1993), are conserved between Drosophila and mammals. 
Subsequent studies in Drosophila and mammals have uncovered its role in regulat-
ing diverse biological processes.

The JAK-STAT pathway consists of three main components: the receptors, 
JAKs, and STATs. The two JAKs, which are associated with the closed receptor, 
are brought together after ligand–receptor binding and phosphorylate each other. 
The phosphorylated JAK can recruit and phosphorylate STAT in the cytoplasm. 
Then, two phosphorylated STATs dimerize and translocate into the nucleus and 
bind to DNA to promote transcription. The JAK-STAT signaling pathway can be 
activated by several kinds of ligands, such as interferons, interleukins, and growth 
factors. It can also be regulated by multiple modulators at several levels. For 
example, protein phosphatases can inhibit active JAK by removing its phosphates, 
and protein inhibitors of activated STAT (PIAS) can prevent binding of active 
STAT to DNA (Ungureanu et al. 2003, 2005; Rakesh and Agrawal 2005).

A role for the JAK-STAT pathway in stem cell maintenance was first implicated 
in Drosophila germline stem cell niche (Tulina and Matunis 2001; Kiger et al. 
2001), and now, it has become clear that it plays important roles in a variety of 
stem cells. The JAK-STAT pathway plays an important role in the maintenance 
of ESC in mouse and swine and in facilitating the reprogramming (Onishi et al. 
2012; Wu et al. 2014; Tang et al. 2012; Tang and Tian 2013; Ernst et al. 1999; Hao 
et al. 2006). But its function between mouse and human is a little controversial 
(Dreesen and Brivanlou 2007; Humphrey et al. 2004). Here, we mainly review its 
role in regulating tissue-specific stem cells and cancers.

In the Drosophila testis, the JAK/STAT signaling ligand Upd is specifi-
cally secreted from the hub, the niche of the GSCs, and somatic cyst stem cells 
(CySCs), which activates the JAK-STAT signaling pathway in GSCs and CySCs 
(Tulina and Matunis 2001; Kiger et al. 2001). JAK-STAT activity in CySCs is suf-
ficient to induce self-renewal of both GSCs and CySCs, while its activity in GSCs 
is required for DE-cadherin-mediated attachment of GSCs to the hub (Leatherman 
and DiNardo 2008, 2010). There is evidence that STAT3 can regulate spermato-
gonial stem cell differentiation in mouse (Oatley et al. 2010). In addition, the 
differentiated GSC induced by the depletion of JAK-STAT signal can undergo 
dedifferentiation when the JAK-STAT signal is restored to its normal level 
(Brawley and Matunis 2004).

Similar to the stem cells in testis, the Drosophila prohemocyte progenitor cells 
are supported by a niche named posterior signaling center (PSC). Signals from 
PSC lead to JAK-STAT activation in the prohemocytes for prohemocyte mainte-
nance (Krzemień et al. 2007). But unlike in testis, JAK-STAT activation in pro-
hemocytes is not likely induced by Upd, and other signals from PSC are needed 
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(Makki et al. 2010). JAK-STAT signaling is also required for hematocyte–lamel-
locyte transition after infestation (Stofanko et al. 2010). The JAK-STAT path-
way also functions in hematopoietic stem cell maintenance and differentiation in 
mammalian (Bradley et al. 2004; Snow et al. 2002; Kato et al. 2005; Wang et al. 
2009). For example, the loss of STAT5 activity in mice leads to the deficiency 
of multipotent hematopoietic progenitors and consequently several hematopoi-
etic cell lineages, which causes inefficient repopulation upon irradiation (Bradley 
et al. 2004; Snow et al. 2002). The mechanism of JAK-STAT regulation in mam-
malian hematopoiesis is rather complex and is extensively reviewed by Stine and 
Matunis (2013).

Together with other signaling pathways, the JAK-STAT pathway regulates both 
proliferation of ISCs and differentiation of intestinal EBs to maintain homeostasis 
of the fly midgut. Loss of the JAK-STAT activity in ISCs decreases the prolifera-
tion rate of ISC and vice versa (Beebe et al. 2010; Lin et al. 2010; Liu et al. 2010). 
JAK-STAT activity is also essential for EB differentiation, as mutation in the 
pathway blocks the progenitor cell differentiation at EB stage (Beebe et al. 2010; 
Lin et al. 2010). The JAK-STAT pathway can also induce rapid proliferation and 
differentiation of the progenitor cells in response to stress or bacterial infection 
(Jiang et al. 2009; Buchon et al. 2009).

The JAK-STAT signaling pathway is important in controlling the balance 
between stem cell self-renewal and differentiation in Drosophila neural system. It 
is required for neuroepithelial (NE) stem cell maintenance, and the loss of JAK-
STAT activity leads to the loss of NE due to precocious differentiation (Yasugi 
et al. 2008; Ngo et al. 2010; Wang et al. 2011). The JAK-STAT pathway also plays 
important roles during neurogenesis in mammals to ensure the appropriate genera-
tion of the right cell type at different developmental stages of the neural system. 
For example, the elevated JAK-STAT activity is required for neurogenesis–glio-
genesis transition (Barnabé-Heider et al. 2005; He et al. 2005).

The JAK-STAT pathway may also function in cancer stem cells (CSCs). The 
upregulation of JAK-STAT signaling activity has been found in many CSCs (Zhou 
et al. 2007; Birnie et al. 2008; Cook et al. 2014), and the activity is required for 
the maintenance of CSCs (Zhou et al. 2007; Cook et al. 2014; Sherry et al. 2009). 
Consistent with its role in CSCs, many inhibitors that target the JAK-STAT path-
way could be useful in the treatment of certain types of cancers (Hart et al. 2011; 
Pardanani et al. 2013; Harrison et al. 2012; Verstovsek et al. 2012; Mascarenhas 
et al. 2014).

In conclusion, the JAK-STAT pathway plays an important role in regulating 
tissue homeostasis by regulating the balance between stem cell self-renewal and 
differentiation. It usually runs in parallel or interacts with many other signaling 
pathways to control the stem cell maintenance and differentiation. Many studies of 
the JAK-STAT pathway have been done in Drosophila because of less redundancy 
and complexity of this pathway. More investigations are needed in mammals to 
determine whether the lessons learned from Drosophila can be applied to mam-
malian stem cells and to study its relationship with other signaling pathways in the 
regulation of tissue stem cells and cancer.
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6.7  Hedgehog Pathway

The Hedgehog (Hh) family proteins are key morphogens that direct cell patterning 
of embryonic tissues and tissue homeostasis throughout animal development. The 
Hh signaling pathway regulates diverse cellular responses including cell survival, 
proliferation, and fate determination. Disruption of Hh signaling is often involved 
in developmental disorders and tumorigenesis. Here, we will discuss the role of 
Hh signaling in regulating stem cell maintenance.

The Hh gene was first identified in Drosophila. Vertebrate Hh counter-
parts, including the Desert Hedgehog (Dhh), Indian Hedgehog (Ihh), and Sonic 
Hedgehog (Shh), were found shortly thereafter, and the developmental func-
tion of Hh molecules is evolutionarily conserved in Drosophila and vertebrates. 
Moreover, main components of Hh signal transduction pathway are also evolution-
arily conserved. In both Drosophila and mammals, ligand-free Patched (Ptc) pro-
tein restrains the activation of the transmembrane protein Smoothened (Smo) by 
triggering Smo degradation and blocking membrane localization of Smo. Binding 
of Hh blocks Ptc activity and liberates Smo to translocate to the membrane. The 
downstream intercellular cascade resulting from Smo activation ended with the 
translocation of Ci/Gli family into nucleus to direct the expression of target genes. 
Significant differences still exist in the pathway components between invertebrates 
and mammals, especially the transduction machinery from the receptor to the 
Ci/Gli transcription factors.

In addition to its well-established function as developmental morphogen, Hh 
signaling also regulates stem cell self-renewal and tissue homeostasis. In mam-
mals, the expression of several stem cell-related genes, including genes encoding 
MYC, BMI1, Cyclin D1, Nanog, and insulin-like growth factor 2 (IGF2), is pro-
moted by Hh signaling (Davidson et al. 2012; Briscoe and Therond 2013).

Hh is required for the maintenance of stem cells in a variety of adult tissues. In 
neural system, blockage of Hh signaling by inhibiting Smo decreases the prolif-
erative capacity of neural stem cell both in vitro and in vivo (Machold et al. 2003; 
Lai et al. 2003). In the case of HSC, treatment of Shh increases the expansion of 
HSCs in vitro and in vivo (Bhardwaj et al. 2001). Similar phenomena are found in 
Drosophila ovary system, where Hh is a major factor controlling proliferation and 
maintenance of ovary somatic stem cells (Zhang and Kalderon 2001).

Consistent with its crucial role in controlling cell patterning and stem cell self-
renewal, Hh is implicated in the regeneration and damage repair of a variety of 
tissues. In newt lens and limb, the Hh proteins are often expressed in the injury-
induced dedifferentiated cells, and tissue regeneration is blocked by treatment with 
cyclopamine, a specific inhibitor of Hh pathway (Tsonis et al. 2004; Imokawa and 
Yoshizato 1997; Roy and Gardiner 2002). Blocking Hh pathway by cyclopamine 
also disrupts tissue repair in other species, such as the fin of zebrafish and the 
facial nerves of mouse (Laforest et al. 1998; Akazawa et al. 2004).

However, Hh families do not always function to promote cell proliferation 
during tissue regeneration. Different tissue types within an organ system may 



1596 Signaling Pathways Regulating Stem Cells

have different responses to a single signaling molecule, depending on the type 
of responding cells and the coordination of multiple signaling pathways. A good 
example is the Hh signaling network in gastrointestinal tract, where epithelial 
proliferation is regulated by multiple signaling pathways including Hh signaling 
and Wnt signaling. The proliferation of epithelium in the esophagus, stomach, 
and pancreas is promoted by Hh signaling, but proliferation in the intestine is sup-
pressed by Hh signaling through its negative effects on Wnt signaling pathway 
(Katoh and Katoh 2006).

In summary, Hh is an evolutionarily conserved signaling pathway that has vari-
ous and critical functions in the process of embryonic morphogenesis and adult 
tissue homeostasis. Diverse cellular responses, including cell survival, growth, 
proliferation, and cell-fate specification, are regulated by Hh signaling pathway 
network. Moreover, Hh signaling pathway has been implicated in various human 
tumors, proposing Hh signaling components as potential targets in cancer therapy. 
However, because of its complexity, the machinery of Hh is not completely under-
stood yet. Therefore, many questions remain to be studied in exploring the details 
of Hh signaling network as well as the mechanisms of this process in regulating 
tumor progression for developing therapeutic strategies.

6.8  Hippo Pathway

The Hippo pathway is a newly characterized, evolutionarily conserved signaling 
cascade. The first component of this pathway was first identified by Wan Yu’s and 
Peter J. Bryant’s group in 1995 through mosaic clonal screens for genes involved 
in tissue growth control in Drosophila (Xu et al. 1995; Justice et al. 1995). The 
mutation in this pathway leads to increased organ size through increased cell 
proliferation and decreased cell death. The number and the activity of the stem 
cells in organs may play an important role for the organ size (Stanger et al. 2007). 
Therefore, the Hippo pathway may control the organ size by regulating the tissue 
stem cells (Camargo et al. 2007; Song et al. 2010; Lee et al. 2010; Jansson and 
Larsson 2012; Nejigane et al. 2013).

The core components of this pathway have been well characterized (Xu et al. 
1995; Justice et al. 1995; Tapon et al. 2002; Wu et al. 2003; Udan et al. 2003; 
Harvey et al. 2003; Jia et al. 2003; Pantalacci et al. 2003; Dong et al. 2007), which 
consists of a highly conserved kinase cascade (Ste20-like kinase Hippo and NDR 
family kinase Warts in Drosophila, MST1/2 and LATS1/2 in mammalian) and 
downstream transcription co-activators (Yorkie in Drosophila, YAP/TAZ in mam-
mals). In Drosophila, Hippo (Hpo) forms an active complex with the scaffolding 
protein Salvador (Sav) to directly phosphorylate and activate Warts (Wts) and its 
regulatory protein Mob (Tapon et al. 2002; Lai et al. 2005). Then, the active Wts/
Mob complex phosphorylates the Yorkie (Yki) to promote its binding to 14-3-3 
protein, which inhibits the translocation of Yki into the nucleus, where it act as 
the co-activator for the TEAD/TEF family transcription factor Scalloped (Sd) to 
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promote gene expression, thereby facilitating cell proliferation and survival (Dong 
et al. 2007; Vassilev et al. 2001; Huang et al. 2005; Mahoney et al. 2005; Oh and 
Irvine 2008; Ren et al. 2010; Staley and Irvine 2012). The signal transduction in 
mammals is similar to that in flies (Wu et al. 2003; Lai et al. 2005; Huang et al. 
2005; Tao et al. 1999). Although the core components in this pathway are well 
characterized, its upstream regulators are not well defined. It has been shown that 
apical–basal polarity proteins, cellular junction proteins, and some extracellular 
hormones can regulate the Hippo pathway, a subject that has been comprehen-
sively reviewed by Jung-Soon Mo (Ramos and Camargo 2012).

The Hippo pathway was firstly characterized to control organ size by inhibit-
ing proliferation and promoting apoptosis, and the current studies show that Hippo 
pathway can also regulate stem cell self-renewal and has important roles in tissue 
regeneration (Lian et al. 2010; Varelas et al. 2008; von Gise et al. 2012; Yimlamai 
et al. 2014). The Hippo pathway plays a critical role in regulating ESCs, adult 
progenitor cells, and CSCs. The phosphorylation of LATS together with YAP can 
suppress TEAD4 activity in the inside cell of preimplantation mouse embryo to 
distinguish mouse ICM from trophectoderm (Nishioka et al. 2009). YAP is also 
required for mouse ESC pluripotency, directly binds to a large number of pluripo-
tency-related genes, and enhances reprogramming efficiency of mouse iPSs (Lian 
et al. 2010). TAZ is required for maintaining pluripotent gene expression in human 
ESC, and knockdown of TAZ results in differentiation (Varelas et al. 2008). YAP 
and TEAD2 are activated by LIF in mouse ESCs and are downregulated during 
differentiation (Tamm et al. 2011). In addition to ESC, the Hippo pathway also 
functions in tissue-specific progenitor cells. YAP activation in postnatal liver leads 
to dramatic increase in the liver size (Camargo et al. 2007). Mst1/2 mutation also 
results in liver overgrowth (Song et al. 2010). More recently, the Hippo pathway 
has been demonstrated to be essential for the maintenance of the differentiated 
state of hepatocyte. Its inactivation in vivo is sufficient for hepatocytes to dedif-
ferentiate into progenitors (Yimlamai et al. 2014). The intestinal epithelium is also 
regulated by the Hippo pathway, and YAP overexpression results in the expansion 
of the intestinal progenitor cells (Zhou et al. 2011). Similarly, YAP activation in 
the skin leads to skin hyperplasia, which is driven by the excessive proliferation 
of the interfollicular stem cells (Schlegelmilch et al. 2011). But the overgrowth of 
the heart induced by Sav1 knockout results from the expansion of the cardiomyo-
cytes, not the cardiac progenitors (Heallen et al. 2011), and TAZ overexpression 
leads to the myogenic differentiation (Jeong et al. 2010). In the nervous tissues, 
YAP co-localizes with neural progenitor maker Sox2, while activation of YAP or 
inactivation of MST1/2 results in neural progenitor expansion (Cao et al. 2008; 
Gee et al. 2011). More information about functions of the Hippo pathway in tis-
sue-specific progenitor cells has been summarized (Ramos and Camargo 2012) 
elsewhere (Ramos and Camargo 2012). Abnormal activity of Hippo signaling has 
also implicated in various cancers. TAZ is essential for the self-renewal of breast 
CSCs and tumor progression (Cordenonsi et al. 2011). Moreover, upregulation 
of YAP1 acts as a determinant for maintaining esophageal CSC properties (Song 
et al. 2014). TAZ and YAP are also highly expressed and activated in a variety of 
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human cancers (Liang et al. 2014; Perra et al. 2014; Steinhardt et al. 2008; Yue 
et al. 2014).

The role of the Hippo signaling pathway in stem cell regulation stimulates a 
new line of research in cancer- and degeneration-related diseases. Although it is 
evident that YAP activation can mediate Wnt or Notch signaling pathway in some 
tissues (Yimlamai et al. 2014; Heallen et al. 2011; Xin et al. 2011) and LIF (Tamm 
et al. 2011) and TGF-β or BMP signaling pathway (Varelas et al. 2008; Alarcón 
et al. 2009; Beyer et al. 2013) in others, the immediate upstream regulators of the 
Hippo pathway and the mechanisms that turn on and off the pathway are still not 
well understood. How the Hippo pathway integrates the inputs from these multi-
ple signals to generate the correct outputs for context-dependent function? What 
are the target genes that drive the appropriate cellular response? In addition, the 
Hippo pathway could regulate stem cell expansion and tumorigenesis through dif-
ferent mechanisms, and loss of different components in this pathway sometimes 
leads to diverse phenotypes. Therefore, further studies are needed to fully eluci-
date the exact role of each component of the Hippo pathway in regulating stem 
cells. Answers to these questions will ultimately contribute to our understanding of 
tissue homeostasis control, regeneration, and tumorigenesis.

6.9  Insulin Pathway

Endocrine system plays an important role in coordinately regulating the growth of 
multiple organs. These systemic signals, along with short-range niche signals, can 
function together to regulate tissue stem cells (Gancz and Gilboa 2013).

Among these hormones, insulin is a well-characterized signal that is conserved 
in various organisms. After binding to insulin receptor (InR), it activates a down-
stream cascade that ultimately affects Forkhead Group O (Foxo) and tuberous 
sclerosis complex 2 (TSC2), two important nodes in metabolism and energy con-
trol. Thus, insulin pathway could serve as a link between nutrient state and stem 
cell activity (Grewal 2009). For example, as the most energy-consuming process 
in female Drosophila, oogenesis is tightly regulated by this pathway in multiple 
ways. For the regulation of GSCs, insulin binds to InR on the surface of GSCs and 
autonomously regulates its division. Besides, it can indirectly regulate GSC activ-
ity by regulating Notch signaling in the cap cells and DE-cadherin between cap 
cells and GSCs (Hsu et al. 2008; Hsu and Drummond-Barbosa 2009, 2011).

Another tissue that closely relates to food consumption and metabolism is 
the intestine. Either in Drosophila or in mice, intestine changes its size accord-
ing to the abundance of food. This may attribute to the altered rate of ISC prolif-
eration and number of ECs caused by the altered production of insulin (O’Brien 
et al. 2011). Locally secreted Drosophila insulin-like peptide 3 (DILP3) by vis-
ceral muscle cells underneath the ISCs is the major player, while systemic DILPs 
that originated from brain IPCs may also participate in this process. Elevated level 
of DILPs will lead to a switch from asymmetric to symmetric division of ISCs 
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and expand the pool of stem cells. Besides, in response to tissue damage in the 
Drosophila midgut, systemic DILP2 secreted by brain cells participates in promot-
ing ISC division and consequently epithelial regeneration (Amcheslavsky et al. 
2009). The Drosophila ISCs show declined proliferation in response to caloric 
restriction. By contrast, ISCs in mouse small intestine increase their proliferation 
and number. ISCs’ closest neighbors, the paneth cells, sense the caloric restriction 
via mTORC1 pathway. Repression of this pathway in paneth cells promotes ISC 
proliferation via a secreted enzyme that generates cyclic ADP ribose (cADPR) 
(Yilmaz et al. 2012). However, the activity of transient amplifying cells is reduced 
in response to caloric restriction. Therefore, different responses to insulin signal-
ing between ISCs and transient amplifying cells may provide a mechanism to pro-
tect stem cell population under starvation conditions and at the same time to limit 
the production of stem cell progenies for energy reservation.

The insulin/Tor pathway also regulates homeostasis of HSCs. Cell autono-
mous activation of insulin/Tor pathway disrupts quiescence of HSC and finally 
lead to exhaustion of stem cells due to reduced self-renewal capacity. On the other 
hand, insulin/Tor pathway activation in the niche supports HSC self-renewal and 
preservation of the stem cell population (Chen et al. 2008; Kharas et al. 2010; 
Kobayashi et al. 2010). In addition to insulin, other hormones have also been 
found to regulate stem cells. Ecdysone is one example, which plays multiple roles 
in orchestrating development and homeostasis of GSCs in Drosophila (Ables and 
Drummond-Barbosa 2010; König et al. 2011; Morris and Spradling 2012). This 
hormone functions autonomously to promote GSC maintenance and self-renewal 
by Nurf-dependent activation of BMP activity, which otherwise will lead to differ-
entiation. The major source of ecdysone has been located to maturing egg cham-
bers, whose survival is dependent on food supply (Ables and Drummond-Barbosa 
2010). Via this regulatory loop, the oogenesis could be modulated based on the 
nutrient status.

6.10  Conclusion Remarks

Tissue stem cells are important for maintaining tissue homeostasis due to their 
unlimited or prolonged ability of self-renewal and their cellular multipotency. 
These abilities are intrinsic properties but can be maintained and regulated by 
signaling pathways. As reviewed above, in both invertebrate and vertebrate mod-
els, self-renewal and differentiation of stem cells are commonly regulated by local 
signals as well as systemic signals. The local microenvironment ensures long-term 
maintenance of stem cells and proper division activity and differentiation poten-
tial required for tissue homeostasis. The systemic signals usually serve to coordi-
nate stem cell activity with tissue/organ growth and with needs, such as nutrient 
availability. Although many signaling pathways are frequently utilized to control 
stem cells, there is no common signaling circuitry that controls stemness of all or 
most types of tissue stem cells. Instead, each type of tissue stem cells is usually 
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regulated by a distinct set of signaling pathways. Some of them are critical for 
self-renewal and proliferation, whereas some of them are more important for the 
differentiation of progenitor cells. Several examples of stem cells and their regula-
tion are summarized in Table 6.1. Because cells in different tissues have distinct 
transcriptional programs required for their specific functions, distinct regulatory 
mechanisms underlying self-renewal of different types of tissue stem cells may 

Table 6.1  Signaling pathways regulating self-renewal, proliferation, and differentiation of stem 
cells

Signaling pathways regulating 
self-renewal and proliferation

Signaling pathways regulating 
differentiation

Embryonic stem cell (mouse) Wnt* (Young 2011), EGFR 
(Fricker-Gates et al. 2000), 
BMP* (Ying et al. 2003)

Notch (Lowell et al. 2006)

Embryonic stem cell (human) EGFR (Fricker-Gates et al. 
2000), TGF-β (James et al. 
2005), bFGF (Wang et al. 
2005)

Wnt* (Davidson et al. 2012; 
Kielman et al. 2002), BMP* 
(Pera et al. 2004)

Intestinal stem cell 
(Drosophila)

Wnt (Li and Xie 2005; Lin 
et al. 2008), EGFR (Jiang et al. 
2011), JAK-STAT (Beebe 
et al. 2010), Hippo (Zhou et al. 
2011), Integrin (O’Brien et al. 
2011)

Notch (Ohlstein and Spradling 
2007; Fre et al. 2005), JAK-
STAT (Beebe et al. 2010), 
BMP (Auclair et al. 2007)

Intestinal stem cell 
(mammalian)

Wnt (Li and Xie 2005; Lin 
et al. 2008), Notch (mamma-
lian)** (Pellegrinet et al. 2011)

Notch (Ohlstein and Spradling 
2007; Fre et al. 2005), BMP 
(Auclair et al. 2007)

Hair follicle stem cell Wnt (low) (Lowry et al. 2005), 
Hedgehog (Blanpain and Fuchs 
2006)

Wnt (high) (Lowry et al. 
2005), BMP, Notch (Blanpain 
and Fuchs 2006; Brack et al. 
2008)

Hematopoietic stem cell Wnt (Rattis et al. 2004), Notch 
(Butler et al. 2010)

Notch (Mercher et al. 2008)

Germline stem cell (Drosophila 
testis)

BMP (Kiger et al. 2001), JAK-
STAT (Tulina and Matunis 
2001), insulin (Ueishi et al. 
2009)

Cyst stem cell (Drosophila 
testis)

JAK-STAT (Stine and Matunis 
2013), Hedgehog (Michel et al. 
2012)

Germline stem cell (Drosophila 
ovary)

BMP (Xie and Spradling 
2000), Ecdysone (Ables and 
Drummond-Barbosa 2010), 
insulin (Ueishi et al. 2009)

Follicle stem cell (Drosophila 
ovary)

Hedgehog (Zhang and 
Kalderon 2001), JAK-STAT 
(Vied et al. 2012), Wnt (Song 
and Xie 2003)

Notch (Adam and Montell 
2004), Hippo (Chen et al. 
2011)

(continued)
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facilitate the execution of unique transcriptional programs required for cell-type-
specific functions during cell lineage differentiation. Therefore, coupling stem cell 
identity with tissue identity could be an efficient and effective mechanism in con-
trolling the self-renewal and differentiation of tissue stem cells.

Although signaling pathways involved in regulating various types of tissue 
stem cells have been elucidated and characterized, potential signaling cross talk or 
coordination for balanced self-renewal and differentiation is much less well under-
stood. The downstream transcriptional factors that mediate signaling pathway-
induced various stem cell behaviors are also in general less well understood. As 
signaling pathways have a central role in controlling stem cell properties and have 
been implicated in various diseases, further dissecting out their function and regu-
lation in stem cells will not only contribute to our understanding of disease mecha-
nisms, but also pave the way for regenerative medicine and drug discovery.

References

Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. β-catenin is a target for the ubiquitin–pro-
teasome pathway. EMBO J. 1997;16:3797–804.

Ables ET, Drummond-Barbosa D. The steroid hormone ecdysone functions with intrinsic chro-
matin remodeling factors to control female germline stem cells in Drosophila. Cell Stem 
Cell. 2010;7:581–92.

Adam JC, Montell DJ. A role for extra macrochaetae downstream of notch in follicle cell differ-
entiation. Development. 2004;131:5971–80.

Aguirre A, Rubio ME, Gallo V. Notch and EGFR pathway interaction regulates neural stem cell 
number and self-renewal. Nature. 2010;467:323–7.

Akazawa C, Tsuzuki H, Nakamura Y, Sasaki Y, Ohsaki K, Nakamura S, Arakawa Y, Kohsaka S. 
The upregulated expression of sonic hedgehog in motor neurons after rat facial nerve axot-
omy. J Neurosci. 2004;24:7923–30.

Table 6.1  (continued)

Signaling pathways regulating 
self-renewal and proliferation

Signaling pathways regulating 
differentiation

Neural stem cell Notch (Alvarez-Buylla and 
Lim 2004), EGFR (Aguirre 
et al. 2010), Hedgehog (Klein 
et al. 2001), JAK-STAT (Wang 
et al. 2011)

BMP (Shah et al. 1996)

Satellite muscle cell Wnt7a (non-canonical) (Le 
Grand et al. 2009), Notch 
(Kuang et al. 2007)

Wnt (canonical) (Polesskaya 
et al. 2003)

Mammary stem cell Wnt (Zeng and Nusse 2010), 
Hedgehog (Liu et al. 2006)

Notch (Dontu et al. 2004)

Airway stem cell Wnt (Zhang et al. 2008), Notch 
(Paul et al. 2014)

Hippo (Zhao et al. 2014), 
Notch (Rock et al. 2011)

*Wnt and BMP have distinct functions in mouse and human ESCs; **Notch activation promotes 
ISC self-renewal in mammals, while inhibits ISC self-renewal in Drosophila



1656 Signaling Pathways Regulating Stem Cells

Alarcón C, Zaromytidou A-I, Xi Q, Gao S, Yu J, Fujisawa S, Barlas A, Miller AN, Manova-
Todorova K, Macias MJ. Nuclear CDKs drive smad transcriptional activation and turnover 
in BMP and TGF-β pathways. Cell. 2009;139:757–69.

Alexson TO, Hitoshi S, Coles BL, Bernstein A, van der Kooy D. Notch signaling is required 
to maintain all neural stem cell populations–irrespective of spatial or temporal niche. Dev 
Neurosci. 2006;28:34–48.

Alvarez-Buylla A, Lim DA. For the long run: maintaining germinal niches in the adult brain. 
Neuron. 2004;41:683–6.

Amcheslavsky A, Jiang J, Ip YT. Tissue damage-induced intestinal stem cell division in 
Drosophila. Cell Stem Cell. 2009; 4:49–61.

Amit S, Hatzubai A, Birman Y, Andersen JS, Ben-Shushan E, Mann M, Ben-Neriah Y, Alkalay I. 
Axin-mediated CKI phosphorylation of β-catenin at Ser 45: a molecular switch for the Wnt 
pathway. Genes Dev. 2002;16:1066–76.

Andersen P, Uosaki H, Shenje LT, Kwon C. Non-canonical notch signaling: emerging role and 
mechanism. Trends Cell Biol. 2012;22:257–65.

Andl T, Reddy ST, Gaddapara T, Millar SE. WNT signals are required for the initiation of hair 
follicle development. Dev Cell. 2002;2:643–53.

Aubert J, Dunstan H, Chambers I, Smith A. Functional gene screening in embryonic stem cells 
implicates Wnt antagonism in neural differentiation. Nat Biotechnol. 2002;20:1240–5.

Auclair BA, Benoit YD, Rivard N, Mishina Y, Perreault N. Bone morphogenetic protein sign-
aling is essential for terminal differentiation of the intestinal secretory cell lineage. 
Gastroenterology. 2007;133:887–96.

Austin TW, Solar GP, Ziegler FC, Liem L, Matthews W. A role for the Wnt gene family in 
hematopoiesis: expansion of multilineage progenitor cells. Blood. 1997;89:3624–35.

Ayuso-Sacido A, Moliterno JA, Kratovac S, Kapoor GS, O’Rourke DM, Holland EC, Garcia-
Verdugo JM, Roy NS, Boockvar JA. Activated EGFR signaling increases proliferation, sur-
vival, and migration and blocks neuronal differentiation in post-natal neural stem cells. J 
Neurooncol. 2010;97:323–37.

Barnabé-Heider F, Wasylnka JA, Fernandes KJ, Porsche C, Sendtner M, Kaplan DR, Miller FD. 
Evidence that embryonic neurons regulate the onset of cortical gliogenesis via cardiotro-
phin-1. Neuron. 2005;48:253–65.

Batlle E, Henderson JT, Beghtel H, van den Born MM, Sancho E, Huls G, Meeldijk J, Robertson 
J, van de Wetering M, Pawson T, Clevers H. Beta-catenin and TCF mediate cell position-
ing in the intestinal epithelium by controlling the expression of EphB/ephrinB. Cell. 
2002;111:251–63.

Beebe K, Lee W-C, Micchelli CA. JAK/STAT signaling coordinates stem cell proliferation 
and multilineage differentiation in the Drosophila intestinal stem cell lineage. Dev Biol. 
2010;338:28–37.

Beyer TA, Weiss A, Khomchuk Y, Huang K, Ogunjimi AA, Varelas X, Wrana JL. Switch enhanc-
ers interpret TGF-β and hippo signaling to control cell fate in human embryonic stem cells. 
Cell Rep. 2013;5:1611–24.

Bhardwaj G, Murdoch B, Wu D, Baker DP, Williams KP, Chadwick K, Ling LE, Karanu FN, 
Bhatia M. Sonic hedgehog induces the proliferation of primitive human hematopoietic cells 
via BMP regulation. Nat Immunol. 2001;2:172–80.
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Zhou R, Vincent A. A short receptor downregulates JAK/STAT signalling to control the 
Drosophila cellular immune response. PLoS Biol. 2010;8:e1000441.

Mancini SJ, Mantei N, Dumortier A, Suter U, MacDonald HR, Radtke F. Jagged1-dependent 
notch signaling is dispensable for hematopoietic stem cell self-renewal and differentiation. 
Blood. 2005;105:2340–2.

Mascarenhas JO, Cross NC, Mesa RA. The future of JAK inhibition in myelofibrosis and 
beyond. Blood Rev. 2014;28:189.

Mercher T, Cornejo MG, Sears C, Kindler T, Moore SA, Maillard I, Pear WS, Aster JC, Gilliland 
DG. Notch signaling specifies megakaryocyte development from hematopoietic stem cells. 
Cell Stem Cell. 2008;3:314–26.

Micchelli CA, Perrimon N. Evidence that stem cells reside in the adult Drosophila midgut epi-
thelium. Nature. 2005;439:475–9.

Michel M, Kupinski AP, Raabe I, Bökel C. Hh signalling is essential for somatic stem cell main-
tenance in the Drosophila testis niche. Development. 2012;139:2663–9.

Milano J, McKay J, Dagenais C, Foster-Brown L, Pognan F, Gadient R, Jacobs RT, Zacco A, 
Greenberg B, Ciaccio PJ. Modulation of notch processing by γ-secretase inhibitors causes 
intestinal goblet cell metaplasia and induction of genes known to specify gut secretory line-
age differentiation. Toxicol Sci. 2004;82:341–58.

Morgan TH. The theory of the gene. Am Nat. 1917;51:513–44.
Morris LX, Spradling AC. Steroid signaling within Drosophila ovarian epithelial cells sex-

specifically modulates early germ cell development and meiotic entry. PLoS ONE. 
2012;7:e46109.

Morrison SJ, Spradling AC. Stem cells and niches: mechanisms that promote stem cell mainte-
nance throughout life. Cell. 2008;132:598–611.

Mosimann C, Hausmann G, Basler K. Parafibromin/Hyrax activates Wnt/Wg target gene tran-
scription by direct association with β-catenin/Armadillo. Cell. 2006;125:327–41.

Muller M, Briscoe J, Laxton C, Guschin D, Ziemiecki A, Silvennoinen O, Harpur AG, Barbieri 
G, Witthuhn BA, Schindler C, et al. The protein tyrosine kinase JAK1 complements defects 
in interferon-alpha/beta and -gamma signal transduction. Nature. 1993;366:129–35.

Murry CE, Keller G. Differentiation of embryonic stem cells to clinically relevant populations: 
lessons from embryonic development. Cell. 2008;132:661–80.



172 X. Guo et al.

Nejigane S, Takahashi S, Haramoto Y, Michiue T, Asashima M. Hippo signaling components, 
Mst1 and Mst2, act as a switch between self-renewal and differentiation in xenopus hemat-
opoietic and endothelial progenitors. Int J Dev Biol. 2013;57:407–14.

Nemir M, Croquelois A, Pedrazzini T, Radtke F. Induction of cardiogenesis in embryonic stem 
cells via downregulation of notch1 signaling. Circ Res. 2006;98:1471–8.

Ngo KT, Wang J, Junker M, Kriz S, Vo G, Asem B, Olson JM, Banerjee U, Hartenstein V. 
Concomitant requirement for Notch and Jak/Stat signaling during neuro-epithelial differen-
tiation in the Drosophila optic lobe. Dev Biol. 2010;346:284–295.

Nishioka N, Inoue K-I, Adachi K, Kiyonari H, Ota M, Ralston A, Yabuta N, Hirahara S, 
Stephenson RO, Ogonuki N. The hippo signaling pathway components lats and yap pat-
tern tead4 activity to distinguish mouse trophectoderm from inner cell mass. Dev Cell. 
2009;16:398–410.

Noggle SA, Weiler D, Condie BG. Notch signaling is inactive but inducible in human embryonic 
stem cells. Stem Cells. 2006;24:1646–53.

Nusse R, Varmus HE. Many tumors induced by the mouse mammary tumor virus contain a pro-
virus integrated in the same region of the host genome. Cell. 1982;31:99–109.

Nusse R, Brown A, Papkoff J, Scambler P, Shackleford G, McMahon A, Moon R, Varmus H. A 
new nomenclature for int-1 and related genes: the Wnt gene family. Cell. 1991;64:231.

Oatley JM, Kaucher AV, Avarbock MR, Brinster RL. Regulation of mouse spermatogonial stem 
cell differentiation by STAT3 signaling. Biol Reprod. 2010;83:427–33.

O’Brien LE, Soliman SS, Li X, Bilder D. Altered modes of stem cell division drive adaptive 
intestinal growth. Cell. 2011;147:603–14.

Oh H, Irvine KD. In vivo regulation of yorkie phosphorylation and localization. Development. 
2008;135:1081–8.

Ohlstein B, Spradling A. The adult Drosophila posterior midgut is maintained by pluripotent 
stem cells. Nature. 2005;439:470–4.

Ohlstein B, Spradling A. Multipotent Drosophila intestinal stem cells specify daughter cell fates 
by differential notch signaling. Science. 2007;315:988–92.

Onishi K, Tonge PD, Nagy A, Zandstra PW. Microenvironment-mediated reversion of epiblast 
stem cells by reactivation of repressed JAK–STAT signaling. Integr Biol. 2012;4:1367–76.

Pantalacci S, Tapon N, Léopold P. The salvador partner hippo promotes apoptosis and cell-cycle 
exit in Drosophila. Nat Cell Biol. 2003;5:921–7.

Pardanani A, Laborde R, Lasho T, Finke C, Begna K, Al-Kali A, Hogan W, Litzow M, 
Leontovich A, Kowalski M. Safety and efficacy of CYT387, a JAK1 and JAK2 inhibitor, in 
myelofibrosis. Leukemia. 2013;27:1322–7.

Paul MK, Bisht B, Darmawan DO, Chiou R, Ha VL, Wallace WD, Chon AT, Hegab AE, Grogan 
T, Elashoff DA, Alva-Ornelas JA, Gomperts BN. Dynamic changes in intracellular ROS 
levels regulate airway basal stem cell homeostasis through Nrf2-dependent notch signaling. 
Cell Stem Cell. 2014;15:199–214.

Pellegrinet L, Rodilla V, Liu Z, Chen S, Koch U, Espinosa L, Kaestner KH, Kopan R, Lewis J, 
Radtke F. Dll1-and dll4-mediated notch signaling are required for homeostasis of intestinal 
stem cells. Gastroenterology. 2011;140:1230–1240. e1237.

Pera MF, Trounson AO. Human embryonic stem cells: prospects for development. Development. 
2004;131:5515–25.

Pera MF, Andrade J, Houssami S, Reubinoff B, Trounson A, Stanley EG, Ward-van Oostwaard 
D, Mummery C. Regulation of human embryonic stem cell differentiation by BMP-2 and its 
antagonist noggin. J Cell Sci. 2004;117:1269–80.

Perdigoto CN, Bardin AJ. Sending the right signal: Notch and stem cells. Biochim Biophys Acta 
(BBA)-Gen Subj. 2013;1830:2307–2322.

Perra A, Kowalik MA, Ghiso E, Ledda-Columbano GM, Di Tommaso L, Angioni MM, 
Raschioni C, Testore E, Roncalli M, Giordano S. YAP activation is an early event and a 
potential therapeutic target in liver cancer development. J Hepatol. 2014;61:1088.

Peters JM, McKay RM, McKay JP, Graff JM. Casein kinase I transduces Wnt signals. Nature. 
1999;401:345–50.



1736 Signaling Pathways Regulating Stem Cells

Phelps RA, Chidester S, Dehghanizadeh S, Phelps J, Sandoval IT, Rai K, Broadbent T, Sarkar S, 
Burt RW, Jones DA. A two-step model for colon adenoma initiation and progression caused 
by APC loss. Cell. 2009;137:623–34.

Pinto D, Gregorieff A, Begthel H, Clevers H. Canonical Wnt signals are essential for homeostasis 
of the intestinal epithelium. Genes Dev. 2003;17:1709–13.

Polesskaya A, Seale P, Rudnicki MA. Wnt signaling induces the myogenic specification of resi-
dent CD45 + adult stem cells during muscle regeneration. Cell. 2003;113:841–52.

Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J, MacDonald HR, Aguet M. Deficient 
T cell fate specification in mice with an induced inactivation of notch1. Immunity. 
1999;10:547–58.

Radtke F, Wilson A, Mancini SJ, MacDonald HR. Notch regulation of lymphocyte development 
and function. Nat Immunol. 2004;5:247–53.

Rakesh K, Agrawal DK. Controlling cytokine signaling by constitutive inhibitors. Biochem 
Pharmacol. 2005;70:649–57.

Ramos A, Camargo FD. The hippo signaling pathway and stem cell biology. Trends Cell Biol. 
2012;22:339–46.

Rattis FM, Voermans C, Reya T. Wnt signaling in the stem cell niche. Curr Opin Hematol. 
2004;11:88–94.

Ren F, Zhang L, Jiang J. Hippo signaling regulates yorkie nuclear localization and activity 
through 14-3-3 dependent and independent mechanisms. Dev Biol. 2010;337:303–12.

Riccio O, van Gijn ME, Bezdek AC, Pellegrinet L, van Es JH, Zimber-Strobl U, Strobl LJ, Honjo 
T, Clevers H, Radtke F. Loss of intestinal crypt progenitor cells owing to inactivation of 
both Notch1 and Notch2 is accompanied by derepression of CDK inhibitors p27Kip1 and 
p57Kip2. EMBO Rep. 2008;9:377–83.

Rijsewijk F, Schuermann M, Wagenaar E, Parren P, Weigel D, Nusse R. The Drosophila homolog 
of the mouse mammary oncogene int-1 is identical to the segment polarity gene wingless. 
Cell. 1987;50:649–57.

Robert-Moreno À, Guiu J, Ruiz-Herguido C, López ME, Inglés-Esteve J, Riera L, Tipping A, 
Enver T, Dzierzak E, Gridley T. Impaired embryonic haematopoiesis yet normal arterial 
development in the absence of the Notch ligand Jagged1. EMBO J. 2008;27:1886–95.

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

Roy S, Gardiner DM. Cyclopamine induces digit loss in regenerating axolotl limbs. J Exp Zool. 
2002;293:186–90.

Ryan MA, Nattamai KJ, Xing E, Schleimer D, Daria D, Sengupta A, Kohler A, Liu W, Gunzer 
M, Jansen M, Ratner N, Le Cras TD, Waterstrat A, Van Zant G, Cancelas JA, Zheng Y, 
Geiger H. Pharmacological inhibition of EGFR signaling enhances G-CSF-induced hemat-
opoietic stem cell mobilization. Nat Med. 2010;16:1141–6.

Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH. Maintenance of pluripotency in 
human and mouse embryonic stem cells through activation of Wnt signaling by a pharmaco-
logical GSK-3-specific inhibitor. Nat Med. 2003;10:55–63.

Schlegelmilch K, Mohseni M, Kirak O, Pruszak J, Rodriguez JR, Zhou D, Kreger BT, 
Vasioukhin V, Avruch J, Brummelkamp TR. Yap1 acts downstream of α-catenin to control 
epidermal proliferation. Cell. 2011;144:782–95.

Schofield R. The relationship between the spleen colony-forming cell and the haemopoietic stem 
cell. Blood Cells. 1977;4:7–25.

Schroeder T, Fraser ST, Ogawa M, Nishikawa S, Oka C, Bornkamm GW, Nishikawa S-I, Honjo 
T, Just U. Recombination signal sequence-binding protein Jκ alters mesodermal cell fate 
decisions by suppressing cardiomyogenesis. Proc Natl Acad Sci. 2003;100:4018–23.

Seifert JR, Mlodzik M. Frizzled/PCP signalling: a conserved mechanism regulating cell polarity 
and directed motility. Nat Rev Genet. 2007;8:126–38.

Shah NM, Groves AK, Anderson DJ. Alternative neural crest cell fates are instructively promoted 
by TGFbeta superfamily members. Cell. 1996;85:331–43.



174 X. Guo et al.

Sherry MM, Reeves A, Wu JK, Cochran BH. STAT3 is required for proliferation and mainte-
nance of multipotency in glioblastoma stem cells. Stem Cells. 2009;27:2383–92.

Shuai K, Ziemiecki A, Wilks AF, Harpur AG, Sadowski HB, Gilman MZ, Darnell JE. 
Polypeptide signalling to the nucleus through tyrosine phosphorylation of jak and stat pro-
teins. Nature. 1993;366:580.

Shuai K, Stark GR, Kerr IM, Darnell J. A single phosphotyrosine residue of stat91 required for 
gene activation by interferon-gamma. Science. 1993;261:1744–6.

Snow JW, Abraham N, Ma MC, Abbey NW, Herndier B, Goldsmith MA. STAT5 promotes mul-
tilineage hematolymphoid development in vivo through effects on early hematopoietic pro-
genitor cells. Blood. 2002;99:95–101.

Song X, Xie T. Wingless signaling regulates the maintenance of ovarian somatic stem cells in 
Drosophila. Development. 2003;130:3259–68.

Song X, Wong MD, Kawase E, Xi R, Ding BC, McCarthy JJ, Xie T. Bmp signals from niche 
cells directly repress transcription of a differentiation-promoting gene, bag of marbles, in 
germline stem cells in the Drosophila ovary. Development. 2004;131:1353–64.

Song H, Mak KK, Topol L, Yun K, Hu J, Garrett L, Chen Y, Park O, Chang J, Simpson RM. 
Mammalian Mst1 and Mst2 kinases play essential roles in organ size control and tumor sup-
pression. Proc Natl Acad Sci. 2010;107:1431–6.

Song S, Ajani JA, Honjo S, Maru DM, Chen Q, Scott AW, Heallen TR, Xiao L, Hofstetter WL, 
Weston B. Hippo coactivator YAP1 upregulates SOX9 and endows stem-like properties to 
esophageal cancer cells. Cancer Res. 2014;13:canres. 3569.2013.

Staley BK, Irvine KD. Hippo signaling in Drosophila: recent advances and insights. Dev Dyn. 
2012;241:3–15.

Stanger BZ, Tanaka AJ, Melton DA. Organ size is limited by the number of embryonic progeni-
tor cells in the pancreas but not the liver. Nature. 2007;445:886–91.

Steinhardt AA, Gayyed MF, Klein AP, Dong J, Maitra A, Pan D, Montgomery EA, Anders 
RA. Expression of yes-associated protein in common solid tumors. Hum Pathol. 
2008;39:1582–9.

Stier S, Cheng T, Dombkowski D, Carlesso N, Scadden DT. Notch1 activation increases hemat-
opoietic stem cell self-renewal in vivo and favors lymphoid over myeloid lineage outcome. 
Blood. 2002;99:2369–78.

Stine RR, Matunis EL. JAK-STAT signaling in stem cells. In: Transcriptional and translational 
regulation of stem cells. The Netherlands: Springer; 2013. pp. 247–267.

Stofanko M, Kwon SY, Badenhorst P. Lineage tracing of lamellocytes demonstrates Drosophila 
macrophage plasticity. PLoS ONE. 2010;5:e14051.

Tamm C, Böwer N, Annerén C. Regulation of mouse embryonic stem cell self-renewal by a Yes–
YAP–TEAD2 signaling pathway downstream of LIF. J Cell Sci. 2011;124:1136–44.

Tang Y, Tian XC. JAK-STAT3 and somatic cell reprogramming. JAK-STAT. 2013;2:e24935–e24935.
Tang Y, Luo Y, Jiang Z, Ma Y, Lin CJ, Kim C, Carter MG, Amano T, Park J, Kish S. Jak/Stat3 

signaling promotes somatic cell reprogramming by epigenetic regulation. Stem Cells. 
2012;30:2645–56.

Tao W, Zhang S, Turenchalk GS, Stewart RA, St MA, Chen W, Xu T. Human homologue of 
the Drosophila melanogaster lats tumour suppressor modulates CDC2 activity. Nat Genet. 
1999;21:177–81.

Tapon N, Harvey KF, Bell DW, Wahrer DC, Schiripo TA, Haber DA, Hariharan IK. Salvador pro-
motes both cell cycle exit and apoptosis in Drosophila and is mutated in human cancer cell 
lines. Cell. 2002;110:467–478.

Toledo EM, Colombres M, Inestrosa NC. Wnt signaling in neuroprotection and stem cell differ-
entiation. Prog Neurobiol. 2008;86:281–96.

Trompouki E, Bowman TV, Lawton LN, Fan ZP, Wu D-C, DiBiase A, Martin CS, Cech JN, 
Sessa AK, Leblanc JL. Lineage regulators direct BMP and Wnt pathways to cell-specific 
programs during differentiation and regeneration. Cell. 2011;147:577–89.

Tropepe V, Hitoshi S, Sirard C, Mak TW, Rossant J, van der Kooy D. Direct neural fate specifi-
cation from embryonic stem cells: a primitive mammalian neural stem cell stage acquired 
through a default mechanism. Neuron. 2001;30:65–78.



1756 Signaling Pathways Regulating Stem Cells

Tsonis PA, Vergara MN, Spence JR, Madhavan M, Kramer EL, Call MK, Santiago WG, Vallance 
JE, Robbins DJ, Del Rio-Tsonis K. A novel role of the hedgehog pathway in lens regenera-
tion. Dev Biol. 2004;267:450–61.

Tulina N, Matunis E. Control of stem cell self-renewal in Drosophila spermatogenesis by JAK-
STAT signaling. Science. 2001;294:2546–9.

Udan RS, Kango-Singh M, Nolo R, Tao C, Halder G. Hippo promotes proliferation arrest and 
apoptosis in the salvador/warts pathway. Nat Cell Biol. 2003;5:914–20.

Ueishi S, Shimizu H, Inoue YH. Male germline stem cell division and spermatocyte growth 
require insulin signaling in Drosophila. Cell Struct Funct. 2009;34:61–9.

Ueo T, Imayoshi I, Kobayashi T, Ohtsuka T, Seno H, Nakase H, Chiba T, Kageyama R. The role 
of Hes genes in intestinal development, homeostasis and tumor formation. Development. 
2012;139:1071–82.

Ungureanu D, Vanhatupa S, Kotaja N, Yang J, Aittomäki S, Jänne OA, Palvimo JJ, Silvennoinen 
O. PIAS proteins promote SUMO-1 conjugation to STAT1. Blood. 2003;102:3311–3.

Ungureanu D, Vanhatupa S, Grönholm J, Palvimo JJ, Silvennoinen O. SUMO-1 conjugation 
selectively modulates STAT1-mediated gene responses. Blood. 2005;106:224–6.

van Es JH, Jay P, Gregorieff A, van Gijn ME, Jonkheer S, Hatzis P, Thiele A, van den Born M, 
Begthel H, Brabletz T. Wnt signalling induces maturation of paneth cells in intestinal crypts. 
Nat Cell Biol. 2005;7:381–6.

Varelas X, Sakuma R, Samavarchi-Tehrani P, Peerani R, Rao BM, Dembowy J, Yaffe MB, 
Zandstra PW, Wrana JL. TAZ controls Smad nucleocytoplasmic shuttling and regulates 
human embryonic stem-cell self-renewal. Nat Cell Biol. 2008;10:837–48.

Varnum-Finney B, Brashem-Stein C, Bernstein ID. Combined effects of notch signaling and 
cytokines induce a multiple log increase in precursors with lymphoid and myeloid reconsti-
tuting ability. Blood. 2003;101:1784–9.

Vassilev A, Kaneko KJ, Shu H, Zhao Y, DePamphilis ML. TEAD/TEF transcription factors uti-
lize the activation domain of YAP65, a Src/Yes-associated protein localized in the cyto-
plasm. Genes Dev. 2001;15:1229–41.

Veeman MT, Axelrod JD, Moon RT. A second canon: functions and mechanisms of β-catenin-
independent Wnt signaling. Dev Cell. 2003;5:367–77.

Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, DiPersio JF, Catalano JV, Deininger M, 
Miller C, Silver RT. A double-blind, placebo-controlled trial of ruxolitinib for myelofibrosis. 
N Engl J Med. 2012;366:799–807.

Vied C, Reilein A, Field NS, Kalderon D. Regulation of stem cells by intersecting gradients of 
long-range niche signals. Dev Cell. 2012;23:836–48.

von Gise A, Lin Z, Schlegelmilch K, Honor LB, Pan GM, Buck JN, Ma Q, Ishiwata T, Zhou B, 
Camargo FD. YAP1, the nuclear target of Hippo signaling, stimulates heart growth through 
cardiomyocyte proliferation but not hypertrophy. Proc Natl Acad Sci. 2012;109:2394–9.

Voog J, Jones DL. Stem cells and the niche: a dynamic duo. Cell Stem Cell. 2010;6:103–15.
Wang W, Li Y, Zhou L, Yue H, Luo H. Role of JAK/STAT signaling in neuroepithelial stem 

cell maintenance and proliferation in the Drosophila optic lobe. Biochem Biophys Res 
Commun.2011;410:714–720.

Wang G, Zhang H, Zhao Y, Li J, Cai J, Wang P, Meng S, Feng J, Miao C, Ding M, Li D, Deng H. 
Noggin and bFGF cooperate to maintain the pluripotency of human embryonic stem cells in 
the absence of feeder layers. Biochem Biophys Res Commun. 2005;330:934–42.

Wang Z, Li G, Tse W, Bunting KD. Conditional deletion of STAT5 in adult mouse hematopoietic 
stem cells causes loss of quiescence and permits efficient nonablative stem cell replacement. 
Blood. 2009;113:4856–65.

Watling D, Guschin D, Müller M, Silvennoinen O, Witthuhn BA, Quelle FW, Rogers NC, 
Schindler C, Stark GR, Ihle JN. Complementation by the protein tyrosine kinase JAK2 of a 
mutant cell line defective in the interferon-& gamma; signal transduction pathway. Nature. 
1993;366:166.

Wilks A, Harpur A, Kurban R, Ralph S, Zürcher G, Ziemiecki A. Two novel protein-tyrosine 
kinases, each with a second phosphotransferase-related catalytic domain, define a new class 
of protein kinase. Mol Cell Biol. 1991;11:2057–65.



176 X. Guo et al.

Wu S, Huang J, Dong J, Pan D. hippo encodes a ste-20 family protein kinase that restricts 
cell proliferation and promotes apoptosis in conjunction with salvador and warts. Cell. 
2003;114:445–56.

Wu H, Wu Y, Ai Z, Yang L, Gao Y, Du J, Guo Z, Zhang Y. Vitamin C enhances nanog expression 
via activation of the JAK/STAT signaling pathway. Stem Cells. 2014;32:166–76.

Xie T, Spradling AC. A niche maintaining germ line stem cells in the Drosophila ovary. Science. 
2000;290:328–30.

Xin M, Kim Y, Sutherland LB, Qi X, McAnally J, Schwartz RJ, Richardson JA, Bassel-Duby R, 
Olson EN. Regulation of insulin-like growth factor signaling by yap governs cardiomyocyte 
proliferation and embryonic heart size. Sci Signal. 2011; 4:ra70.

Xu T, Wang W, Zhang S, Stewart RA, Yu W. Identifying tumor suppressors in genetic 
mosaics: the Drosophila lats gene encodes a putative protein kinase. Development. 
1995;121:1053–63.

Xu RH, Peck RM, Li DS, Feng X, Ludwig T, Thomson JA. Basic FGF and suppression of 
BMP signaling sustain undifferentiated proliferation of human ES cells. Nat Methods. 
2005;2:185–90.

Xu N, Wang SQ, Tan D, Gao Y, Lin G, Xi R. EGFR, wingless and JAK/STAT signaling coopera-
tively maintain Drosophila intestinal stem cells. Dev Biol. 2011;354:31–43.

Yasugi T, Umetsu D, Murakami S, Sato M, Tabata T. Drosophila optic lobe neuroblasts trig-
gered by a wave of proneural gene expression that is negatively regulated by JAK/STAT. 
Development. 2008;135:1471–80.

Yilmaz ÖH, Katajisto P, Lamming DW, Gültekin Y, Bauer-Rowe KE, Sengupta S, Birsoy K, 
Dursun A, Yilmaz VO, Selig M. mTORC1 in the Paneth cell niche couples intestinal stem-
cell function to calorie intake. Nature. 2012;486:490.

Yimlamai D, Christodoulou C, Galli GG, Yanger K, Pepe-Mooney B, Gurung B, Shrestha K, 
Cahan P, Stanger BZ, Camargo FD. Hippo pathway activity influences liver cell fate. Cell. 
2014;157:1324–38.

Ying QL, Smith AG. Defined conditions for neural commitment and differentiation. Methods 
Enzymol. 2003;365:327–41.

Ying QL, Nichols J, Chambers I, Smith A. BMP induction of Id proteins suppresses differen-
tiation and sustains embryonic stem cell self-renewal in collaboration with STAT3. Cell. 
2003a;115:281–92.

Ying QL, Stavridis M, Griffiths D, Li M, Smith A. Conversion of embryonic stem cells into neu-
roectodermal precursors in adherent monoculture. Nat Biotechnol. 2003b;21:183–6.

Young RA. Control of the embryonic stem cell state. Cell. 2011;144:940–54.
Yue G, Sun X, Gimenez-Capitan A, Shen J, Yu L, Teixido C, Guan W, Rosell R, Liu B, Wei J. 

TAZ is highly expressed in gastric signet ring cell carcinoma. BioMed Res Int. 2014; 2014:6.
Zeng YA, Nusse R. Wnt proteins are self-renewal factors for mammary stem cells and promote 

their long-term expansion in culture. Cell Stem Cell. 2010;6:568–77.
Zhang Y, Kalderon D. Hedgehog acts as a somatic stem cell factor in the Drosophila ovary. 

Nature. 2001;410:599–604.
Zhang Y, Goss AM, Cohen ED, Kadzik R, Lepore JJ, Muthukumaraswamy K, Yang J, DeMayo 

FJ, Whitsett JA, Parmacek MS. A Gata6-Wnt pathway required for epithelial stem cell 
development and airway regeneration. Nat Genet. 2008;40:862–70.

Zhao R, Fallon TR, Saladi SV, Pardo-Saganta A, Villoria J, Mou H, Vinarsky V, Gonzalez-
Celeiro M, Nunna N, Hariri LP, Camargo F, Ellisen LW, Rajagopal J. Yap tunes airway 
epithelial size and architecture by regulating the identity, maintenance, and self-renewal of 
stem cells. Dev Cell. 2014;30:151–65.

Zhou J, Wulfkuhle J, Zhang H, Gu P, Yang Y, Deng J, Margolick JB, Liotta LA, Petricoin E, 
Zhang Y. Activation of the PTEN/mTOR/STAT3 pathway in breast cancer stem-like cells is 
required for viability and maintenance. Proc Natl Acad Sci. 2007;104:16158–63.

Zhou D, Zhang Y, Wu H, Barry E, Yin Y, Lawrence E, Dawson D, Willis JE, Markowitz SD, 
Camargo FD. Mst1 and Mst2 protein kinases restrain intestinal stem cell proliferation and 
colonic tumorigenesis by inhibition of Yes-associated protein (Yap) overabundance. Proc 
Natl Acad Sci. 2011;108:E1312–20.



1776 Signaling Pathways Regulating Stem Cells

Author Biography

Dr. Rongwen Xi is currently an associate investigator at the National Institute of 
Biological Sciences, Beijing. His laboratory uses Drosophila as a genetic model 
organism for the understanding of microenvironmental and intrinsic mechanisms 
regulating self-renewal and differentiation of tissue stem cells. His recent find-
ings include the characterization of the niche regulation of Drosophila midgut 
stem cells, the identification of a tumor suppressive role for polycomb group genes 
in stem cells, and the discovery of tubular sclerosis complex genes in stem cell 
maintenance.



179

Chapter 7
The Concept of Mesenchymal Stem 
Cell System: Bring More Insights into 
Functional Research of MSCs

Shihua Wang and Robert Chunhua Zhao

© Shanghai Jiao Tong University Press, Shanghai  
and Springer Science+Business Media Dordrecht 2015 
R.C. Zhao (ed.), Stem Cells: Basics and Clinical Translation, Translational 
Medicine Research 1, DOI 10.1007/978-94-017-7273-0_7

Abstract Mesenchymal stem cells have generated great interest among research-
ers and physicians due to their unique biological characteristics and potential clini-
cal applications. Here, we propose for the first time the concept of mesenchymal 
stem cell system which is composed of all mesenchymal stem cells derived from 
different stages of embryonic development, from post-embryonic subtotipotent 
stem cells to MSC progenitors. Post-embryonic subtotipotent stem cells are left-
over cells during embryonic development and are on the top of the system. MSC 
system is a combination of cells that possess different differentiation potential and 
ultimately give rise to cells that share a similar set of phenotypic markers. It is 
a more comprehensive view of MSCs and could better explain the heterogeneity 
of MSCs in differentiation potential and immunomodulatory functions. In a word, 
this concept constitutes an important part of the biological properties of MSC and 
will help researchers gain better insight into MSC.

Keywords Mesenchymal stem cells · Biological properties · System

7.1  Introduction

MSCs were first discovered in 1968 by Friedenstein as an adherent fibroblast-
like population in the bone marrow capable of differentiating into adipocytes, 
chondrocytes, and osteocytes, both in vitro (Friedenstein et al. 1968) and in vivo 
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(Friedenstein et al. 1974). Caplan (1991) demonstrated that bone and cartilage 
turnover was mediated by MSCs, and the surrounding conditions were critical to 
inducing MSC differentiation. They termed these cells “mesenchymal stem cells,” 
and the term “MSC” became popular after the work of Caplan in 1991. Later, the 
multilineage differentiation capability of MSCs was definitively demonstrated by 
Pittenger (1999). During the late 1990s, Kopen et al. (1999) then described the 
capacity of MSCs to transdifferentiate into ectoderm-derived tissues.

The defining characteristics of MSCs are inconsistent among investigators. 
Many laboratories have developed methods to isolate and expand MSCs, which 
invariably have subtle, and occasionally quite significant, differences. To address 
this problem, in 2006, the Mesenchymal and Tissue Stem Cell Committee of 
International Society for Cellular Therapy (ISCT) proposed a set of standards to 
define human MSCs for both laboratory-based scientific investigations and for pre-
clinical studies. First, MSCs must be plastic-adherent when maintained in stand-
ard culture conditions using tissue culture flasks. Second, ≥95 % of the MSC 
population must express CD105, CD73, and CD90, as measured by flow cytom-
etry. Additionally, these cells must lack the expression (≤2 % positive) of CD45, 
CD34, CD14 or CD11b, CD79a or CD19, and HLA class II. Third, the cells must 
be able to differentiate into osteoblasts, adipocytes, and chondroblasts under 
standard in vitro differentiating conditions (Dominici et al. 2006).

MSCs have been identified in almost every tissue type, including placenta, 
umbilical cord blood, amniotic fluid, bone marrow, adipose tissue, and the liver. 
Most of the adult sources, including large volumes of normal bone marrow, are 
relatively difficult to access as a tissue source for the isolation of MSCs. In con-
trast, birth-associated tissues, including placenta, are readily and widely available. 
However, bone marrow remains the principal source of MSCs for most preclini-
cal and clinical studies. It is estimated that MSCs represent only between approxi-
mately 0.01 and 0.001 % of the total nucleated cells within isolated bone marrow 
aspirates (Pittenger et al. 1999; Salem and Thiemermann 2010). Despite this low 
number, there remains a great enthusiasm in these cells, as they can be isolated 
easily from a small aspirate and culture expanded in vitro to significant numbers in 
approximately 8–10 weeks. MSCs from different sources have been studied, and 
each type has been reported to vary in their proliferative and multilineage differ-
entiation potential (Salem and Thiemermann 2010). MSCs hold great promise for 
the treatment of a variety of diseases (Liao and Zhao 2008; Liu et al. 2006). In this 
review, we raise the concept of MSC system, which could provide better under-
standing of the heterogeneity of MSCs.

7.2  The Concept of MSC System

Although the biological characteristics and therapeutic potential of MSCs have 
been extensively studied, the in vivo behavior and developmental origin of these 
cells remain largely unknown. During embryonic development, MSCs arise from 
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two major sources: neural crest and mesoderm. The adult MSCs are commonly 
considered to be of mesodermal origin, whereas embryonic MSCs derive mainly 
from the neural crest. The neural crest is a transient embryonic tissue that origi-
nates at the neural folds during vertebrate development. Morikawa et al. (2009) 
found that the development of MSCs partially originates from the neural crest. 
Takashima et al. (2007) showed that the earliest wave of MSCs in the embryonic 
trunk is generated from Sox1+ neuroepithelium, and they provided evidence that 
Sox1+ neuroepithelium gives rise to MSCs in part through a neural crest inter-
mediate stage. The mesoderm is considered to be another major source of mesen-
chymal cells giving rise to skeletal and connective tissues (Dennis and Charbord 
2002). Using hESCs directed toward mesendodermal differentiation, Vodyanik 
MA et al. showed that mesoderm-derived MSCs arise from a common endothe-
lial and mesenchymal cell precursor, the mesenchymoangioblast, which is a tran-
sient population of cells within the APLNR+ mesodermal subset. Recently, the 
Olsen group revealed that vascular endothelial cells can transform into MSCs by 
an ALK2 receptor-dependent mechanism. Expressing mutant ALK2 in human 
endothelial cells causes an endothelial–mesenchymal transition (endMT) and the 
acquisition of a multipotent stem cell-like phenotype (Medici et al. 2010). This 
result indicates that endothelial cells could be an important source of MSCs in 
postnatal life. Conversely, the transition from MSCs to endothelial cells has also 
been described in several studies. These studies suggest a cycle of cell-fate transi-
tion from endothelium to MSCs and back to endothelium. Because multiple paral-
lels could be drawn between the endMT described in adult tissues and that during 
hESC differentiation, one may wonder whether bipotential cells with endothe-
lial and MSC potential similar to embryonic mesenchymoangioblasts are present 
and constitute an important element of the EndMT circuit in adults (Slukvin and 
Vodyanik 2011). The number of MSCs of neuroepithelial origin in the adult bone 
marrow decreases rapidly, which suggests that in postnatal life, the relative impor-
tance of MSCs derived from other developmental lineages decreases due to the 
increasing importance of mesodermal MSCs. We isolated Flk1+CD31−CD34− 
stem cells, which are MSCs from human fetal bone marrow, and found that they 
could differentiate into cells of the three germ layers, such as endothelial, hepat-
ocyte-like, neural, and pancreatic progenitor cells (Fang et al. 2003, 2004; Feng 
et al. 2013; Li et al. 2013; Liu et al. 2007; Huang et al. 2012; Yang et al. 2011). 
Based on these results, we hypothesized that post-embryonic subtotipotent stem 
cells exist, which are left-over cells during embryonic development and are on the 
top of the MSC hierarchy.

Here, for the first time, we propose the concept of MSC system, which is com-
posed of all mesenchymal stem cells from post-embryonic subtotipotent stem cells 
to MSCs progenitors. The MSC system is a combination of cells that are derived 
from different stages of embryonic development, possess different differentiation 
potential, and ultimately give rise to cells that share a similar set of phenotypic 
markers (Figs. 7.1 and 7.2). The MSC system could better explain the heterogene-
ity of MSCs in differentiation potential and immunomodulatory functions.
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7.3  MSCs Have Different Differentiation Potential

As previously demonstrated, MSCs can differentiate into cells of mesenchymal 
lineages, such as osteoblasts, chondrocytes, and adipocytes, under culture condi-
tions containing specific growth factors and chemical agents. In addition to the 
above-mentioned mesenchymal lineages, MSCs have been reported to give rise to 

Fig. 7.1  The MSC system is a combination of cells that are derived from different stages of 
embryonic development

Fig. 7.2  The MSC system 
could better explain the 
heterogeneity of MSCs in 
differentiation potential and 
immunomodulatory functions
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cells of other lineages. Kopen et al. (1999) were the first researchers to demon-
strate that bone marrow MSCs injected into the central nervous systems of new-
born mice migrate throughout the brain and adopt morphological and phenotypic 
characteristics of astrocytes and neurons. Slukvin and Vodyanik (2011) reported 
that coculture with heat-shocked small airway epithelial cells induced human 
MSCs to differentiate into epithelial-like cells, as evidenced by their expression of 
keratins 17, 18, and 19, the Clara cell marker CC26, and the formation of adherens 
junctions with neighboring epithelial cells (Slukvin and Vodyanik 2011). These 
results give us a hint that we are the first group to demonstrate that Flk1+-MSCs 
(Flk1+CD44+CD29+CD105+CD166+CD34−CD31−Lin−) can give rise to 
multilineage cells of the three germ layers at the clone level.

7.4  MSCs Have Immunomodulatory Effects

MSCs lack immunogenicity because they express low levels of major histocom-
patibility complex-I (MHC-I) molecules and do not express MHC-II molecules 
or costimulatory molecules such as CD80, CD86, or CD40 (Guo et al. 2009; Sun 
et al. 2011). Another important property of MSCs is that MSCs could act on both 
innate and adaptive immune systems by interacting with a variety of immune cells 
such as T cells, B cells, NK cells, and DC cells. The immunomodulatory prop-
erties of MSCs were initially reported in T-cell proliferation assays using one of 
a variety of stimuli, including mitogens and alloantigens; these are settings in 
which the ability of MSCs to suppress T-cell proliferation can readily be deter-
mined (Abdi et al. 2008; Bartholomew et al. 2002; Le Blanc et al. 2003). MSCs 
regulate the proliferation, activation, and maturation of B lymphocytes in vitro in 
a dose-dependent and time-limited manner (Aggarwal and Pittenger 2005), and 
they can facilitate the immunosuppressive effect of cyclosporin A on T lympho-
cytes through Jagged-1-mediated inhibition of NF-kB signaling (Shi et al. 2011). 
We first reported that MSCs could inhibit the upregulation of CD1a, CD40, CD80, 
CD86, and HLA-DR during DC differentiation and prevent an increase of CD40, 
CD86, and CD83 expression during DC maturation (Zhang et al. 2004). We also 
demonstrated that in the presence of MSCs, the percentage of cells with a cDC 
phenotype is significantly reduced, whereas the percentage of pDC phenotypes 
increases, further suggesting that MSCs can significantly influence DC develop-
ment (Chen et al. 2007). MSCs could drive maDCs to differentiate into a novel 
Jagged-2-dependent regulatory DC population and escape their apoptotic fate 
(Zhang et al. 2009).

MSCs express various receptors for growth factors and inflammatory cytokines, 
whose activation by external signals could lead to profound cellular responses 
(Liotta et al. 2008). One important type of receptors is Toll-like receptors (TLRs) 
which when bound by TLR ligands could induce the release of a list of inflam-
matory mediators. MSCs could polarize into either pro-inflammatory or anti-
inflammatory phenotype through activation of different TLRs under specific 
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microenvironments (Waterman et al. 2010) (Fig. 7.3). TLR4 could prime MSCs 
into MSC1, while TLR3 or IFN-γ or TNF-α could induce MSCs into MSC2. 
MSC1 expresses pro-inflammatory mediators such as interleukin(IL)-6 and 
IL-8, while MSC2 expresses mostly immunosuppressive ones such as IL-10, 
 indoleamine 2,3-dioxygenase (IDO), and prostaglandin E2 (PGE2) (Waterman 
et al. 2010). The concept of MSC system integrates the apparently contradictory 
roles of MSCs in inflammation.

Tissue regeneration is the process of repair, replacement, or regeneration of 
cells in the tissues to restore impaired function resulting from causes such as con-
genital defects, diseases, and trauma. Tissue injury is always associated with the 
activation of immune/inflammatory cells both in the innate and adaptive immune 
responses. Local MSCs or circulating MSCs could be recruited into the dam-
aged tissues by the inflammatory signals and promote the process of tissue repair 
through several modes of action such as differentiation, secreting bioactive mole-
cules, and immunomodulation (Guo et al. 2013; Zhang et al. 2013; Li et al. 2010). 
These studies underscore the importance of MSCs’ immunomodulatory capacity 
in regenerating injured tissues.

Fig. 7.3  TLR4 could prime MSCs into MSC1, while TLR3 or IFN-γ or TNF-α could induce 
MSCs into MSC2
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7.5  Conclusions

The MSC system is a concept embracing both vertical and horizontal properties of 
MSC. Vertically, it is composed of cells of different tissue origin and from differ-
ent stages of embryonic development. Cells in the MSC system possess different 
differentiation potential and ultimately give rise to cells that share a similar set of 
phenotypic markers. These cells could serve as the seed cells for tissue regenera-
tion. Horizontally, MSC system contains three important biological characteristics 
of MSC: stem cell properties of MSCs, MSCs as components of tissue microenvi-
ronment, and immunomodulatory functions of MSCs.
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Abstract Human neurodevelopment is a key process that is precisely controlled 
by signaling pathways, intrinsic factors and epigenetic modifications. The previous 
knowledge of human neurodevelopment has mainly archived from human structural 
development, which is interrelated with cognitive and behavioral development. The 
establishment of in vitro model of human embryonic stem cell (HESC) and induced 
human pluripotent stem cell (iHPSC) differentiation makes us available to investi-
gate the underlying mechanisms of human neural development and to model human 
neuropsychiatric disorders. Although there are gaps between in vitro models and in 
vivo status, the progress in this field will bring the two worlds together.

Keywords Human neural development · Human embryonic stem cell · Neural 
differentiation

8.1  Human Neural Development

8.1.1  The Overview of Human Nervous System

Human neurodevelopment is a complex and precisely regulated process that occurs 
over the entire human life span from an egg. Human-specific features of neurode-
velopment are coordinated with signaling pathways, genetic information, and epi-
genetic modifications, which are the important factors in the evolution of human 
specializations. The physical structures of human central nervous system (CNS) 
are described with three axes: the rostral–caudal, dorsal–ventral and medial–lateral 
axes. The human CNS is mainly composed of the spinal cord and brain. The brain 
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is the central organ responsible for human mental prowess, allowing us to exhibit 
highly sophisticated abilities, such as language, symbolic thinking, self-awareness, 
and cultural learning. The mechanisms underlying human neural development are 
a complex network, requiring understanding on genetic and epigenetic levels.

The spinal cord is the most caudal part of the central nervous system, which 
extends from the base of the skull to the first lumbar vertebra. The spinal cord receives 
sensory information from the skin, joints, and muscles of the trunk and limbs, and 
contains the motor neurons responsible for both voluntary and reflex movements. The 
spinal cord is divided into gray matter and white matter. The gray matter is composed 
of dorsal and ventral horns and the white matter is made up of rostral–caudal ascend-
ing and descending tracts of myelinated axons. The nerve fibers that link the spinal 
cord with muscles and sensory receptors are bundled in 31 pairs of spinal nerves, each 
of which has a dorsal sensory and a ventral motor division. Different classes of axons 
in dorsal or ventral roots convey distinct kinds of input information. The brain lays 
rostral to the spinal cord and is divided into six subregions, including the medulla, 
pons, midbrain, cerebellum, diencephalon, and telencephalon. The medulla, pons, 
and midbrain are collectively termed brain stem, which is continuous with the spinal 
cord and contains distinct nerve cell clusters that contribute to a variety of sensory and 
motor systems. Each of the six divisions is further divided into distinct areas accord-
ing to the differential axes and anatomical or functional structures.

A general rule for central nervous system development is that cells are gen-
erated in sites different from those in which they will later reside. The basic 
columnar organization favors radial migration of cells in the early stages of neu-
rodevelopment. Somas of later-generated neural cells migrate to the distant cer-
ebral cortex and take positions external to somas of their predecessors. The final 
position along the radial vector may be influenced by afferent axons. Cell relation-
ships in the developing cerebellar cortex are mainly established by the key migra-
tion of granule neurons in the reverse direction to the external surface inward past 
Purkinje dendrites and somas.

In the past decades, the understanding about neurodevelopment has been 
largely updated by numerous studies in various kinds of animal models. As for 
the experimental and ethical limitations, the knowledge of human neural develop-
ment has mainly archived by the transcriptome analysis of human neural tissues 
and the in vitro model of human embryonic stem cell differentiation, which will be 
reviewed in the following text.

8.1.2  Early Human Neurulation (Referred to Moore et al. 
1982)

After fertilization completes, the zygote passes along the uterine tube and under-
goes cleavage into blastomeres. A ball of 12–16 blastomeres, called morula, enters 
the uterus and forms a blastocyst consisting of an inner cell mass (ICM), a blasto-
cyst cavity, and the trophoblast. Then, the zona pellucida disappears and the blas-
tocyst attaches to the endometrial epithelium by the end of the first week.
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During the second week, rapid proliferation and differentiation of the tropho-
blast occur as follows: (1) the inner layer cytotrophoblast and the outer layer 
syncytiotrophoblast form; (2) lacunae develop in the syncytiotrophoblast and 
soon fuse to form lacunar networks; (3) the trophoblast erodes maternal sinu-
soids and endometrial glands; (4) a primitive uteroplacental circulation is estab-
lished as blood seeps into the lacunar networks; (5) primary chorionic villi form 
on the external surface of the chorionic sac; (6) implantation is completed as the 
conceptus is wholly embedded within endometrium, and the defect in the surface 
epithelium is healed. Concurrent with these decidual reaction and yolk sac devel-
opment, the amniotic cavity appears as a slit-like space between the cytotropho-
blast and the inner cell mass, and the inner cell mass differentiates into a bilaminar 
embryonic disk consisting of epiblast and hypoblast. Moreover, the prochordal 
plate develops as a localized thickening of hypoblast, indicating the future cranial 
region of the embryo and the site of the future mouth.

The rapid development of human embryo during the third week occurs as the 
bilaminar embryonic disk is converted into a trilaminar disk, composed of three 
germ layers, called gastrulation. Formation of the primitive streak and the noto-
chord is the important process occurring during gastrulation (days 14–19).

The primitive streak appears as a midline thickening of the embryonic epiblast. 
It gives rise to cells that migrate ventrally, laterally, and cranially between the epi-
blast and the hypoblast. As soon as the primitive streak has begun to produce these 
mesenchymal cells, the epiblast layer is known as the embryonic ectoderm, and 
the hypoblast is known as the embryonic endoderm. The cells produced by the 
primitive streak soon organize into the intraembryonic mesoderm.

Subsequently, the primitive knot gives rise to the cells that form the notochordal 
process. Cells from the primitive streak migrate to the edges of the embryonic disk, 
where they join the extraembryonic mesoderm covering the amnion and the yolk sac. 
By the end of the third week, mesoderm exists between the ectoderm and the endo-
derm everywhere except at the oropharyngeal membrane, in the midline occupied by 
the notochord (a derivative of the notochordal process), and at the cloacal membrane. 
The primitive pit extends into the notochordal process to form the notochordal canal. 
Openings develop in the floor of the notochordal canal that soon coalesce, leaving 
the notochordal plate. The notochordal plate infolds to form the notochord.

The formation of the neural plate, the neural folds, and their closure to form 
the neural tube is called neurulation, which ends at about 26 days. As the noto-
chord develops, the embryonic ectoderm over it thickens to form the neural plate, 
which is induced by the developing notochord and the paraxial mesoderm on each 
side of it. The ectoderm of the neural plate, called neuroectoderm, gives rise to 
the CNS consisting of the brain and the spinal cord. The neural plate first appears 
cranial to the primitive knot, and dorsal to the notochordal process and the meso-
derm adjacent to it. As the notochord forms and elongates, the neural plate broad-
ens and extends cranially as far as the oropharyngeal membrane. On about day 
18, the neural plate invaginates along its central axis to form a neural groove with 
neural folds on each side. By the end of the third week, the neural folds have 
begun to move together and fuse, converting the neural plate into neural tube. The 
neural tube separates itself from the surface ectoderm, and the free edges of the 
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ectoderm fuse so that this layer becomes continuous over the back of the embryo. 
Subsequently, the surface ectoderm differentiates into the epidermis of the skin.

As the neural folds fuse, some ectodermal cells lying along the crest of each 
neural fold lost their epithelial affinities and attachments to the neighboring cells. 
As the neural tube separates from the surface ectoderm, these mesoblastic neural 
crest cells migrate inwardly and invade the mesoblast on each side of the neural 
tube. The neural crest, which locates between the neural tube and the overlying 
surface ectoderm, gives rise to the spinal ganglia and the ganglia of the autonomic 
nervous system.

8.1.3  Structural Brain Development  
(Referred to Kandel et al. 2012)

After the early neurulation of human nervous system, the anterior segment of the 
neural tube forms the three main parts of the brain: the forebrain, midbrain, and 
the hindbrain, and these brain regions further divide into subregions. The struc-
tural basis of human brain is essential for the neural activities and cognitive 
changes in Homo sapiens.

Structural brain development essentially includes neurogenesis, development 
of dendrites and axons, synaptogenesis, and myelination. Overall, brain develop-
ment begins within the weeks of conception and continues through the adolescent 
period into young adulthood (Epstein 1986). While the basic architecture is assem-
bled during the first two trimesters of fetal life, changes in neuronal connectivity 
and function occur in the last trimester and continue postnatally into adulthood 
(Dobbing and Sands 1973).

The cortical gray matter, which is composed of neural cell bodies and glial 
cells, non-neural cells to provide protection and support, increases in volume dur-
ing childhood, peaking at around 4 years of age, but significantly decreases after 
12 years of age, at different times in different brain regions (Pfefferbaum et al. 
1994; Reiss et al. 1996; Giedd et al. 1996). The cerebral white matter increases 
throughout childhood and well into adulthood in a roughly linear pattern with 
some regional differences (Gogtay et al. 2004). Therefore, overall brain size 
increase and its pattern and timing result from different processes in different 
regions at different times.

Neurogenesis takes place before birth beginning in the fifth prenatal week and 
peaks between the third and forth prenatal months. While neurogenesis occurs pri-
marily prenatally, the production of axons and dendrites continues for a consid-
erable time postnatally. The proliferation and overproduction of axons, dendrites, 
and synapses are followed by a process of retracting synaptic connections. This 
synaptic pruning is dependent on the communication among neurons: more active 
synapses tend to be strengthened and less active ones tend to be eliminated.

Myelination of the cerebral cortex begins prenatally and continues in the frontal 
lobe into adulthood beyond the second decade of life. Myelin acts as a form of 
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insulation and thereby increases conduction velocity. Myelination of axons after 
birth inhibits plasticity because myelinated axons lose their ability to branch out 
and connect with other neurons. Therefore, the regional pattern of myelination 
seems to be related to the functional maturation of the brain.

To summarize, developmental changes in brain anatomy occur before and after 
birth, well into young adulthood, even after adult brain size has been attained at 
around 6 years of age. Neurogenesis, growth of axons and dendrites, synaptogenesis, 
and myelination all show localized changes at different times. The formation and 
perpetuation of these internal structures relate to experience and usage of these struc-
tures as required by the environment. Therefore, the morphological development of 
the brain and cognitive development are tightly interrelated in a complex way.

8.1.4  Global Transcriptome of Human Brain

The pattern of hierarchical maturation of different brain regions is paralleled by a 
shift from diffuse to more focal recruitment of cortical regions with learning and 
cognitive development, which is presumably an experience-driven maturational 
process. The maturation of connecting fiber tracts between diverse brain regions 
is also correlated with the development of cognitive abilities. The development of 
human brain circuitry depends on the diversity and precise spatiotemporal regula-
tion of its transcriptome. The formation of molecularly distinct and intricate neural 
circuits may have increased our susceptibility to certain psychiatric and neurologi-
cal disorders. Recently, a comprehensive analysis of the spatiotemporal dynamics 
of gene expression and transcript variants was reported, which might enhance our 
understanding about human neurodevelopment.

The combination of histology-guided fine neuroanatomical molecular profil-
ing and mapping of gene expression data into MRI coordinate space produced 
an anatomically accurate quantitative map of transcript distribution across the 
entire human brain (Hawrylycz et al. 2012). Michael et al. describe the genera-
tion of a transcriptional atlas of the adult human brain, comprising histological 
analysis and comprehensive microarray profiling of 900 neuroanatomically pre-
cise subdivisions from two individuals. Interestingly, transcriptional regulation 
varies enormously by anatomical location and constituent cell types, display-
ing robust molecular signatures, while the transcriptional profiling is highly con-
served between individuals. Differential gene expression analysis demonstrates 
that brain-wide variation reflects the distributions of major cell types such as neu-
rons, astrocytes, oligodendrocytes, and microglia. Local neighborhood relation-
ships between fine anatomical subdivisions are correlated with discrete neuronal 
subtypes and genes involved with synaptic transmission. The neocortex displays 
a relatively homogeneous transcriptional pattern, but with distinct features asso-
ciated selectively with primary sensorimotor cortices and with enriched frontal 
lobe expression. Intriguingly, the spatial topography of the neocortex is strongly 
reflected in its molecular topography—the closer two cortical regions, the more 
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similar their transcriptomes. Finally, these data allow comparisons between 
humans and other animals, with particular relevance for investigating human neu-
rological and neuropsychiatric disease.

Human neurodevelopment is a complex and precisely regulated process that 
occurs over a protracted period of time, and it is important to understand the 
complexity and dynamics of the transcriptome of the human brain. In the recent 
study, transcriptomes of 16 regions comprising the cerebellar cortex, mediodor-
sal nucleus of the thalamus, striatum, amygdala, hippocampus and 11 areas of the 
neocortex generated collected from 57 developing and adult postmortem brains of 
clinically unremarkable donors representing males and females of multiple eth-
nicities were constructed (Kang et al. 2011). The authors found that 86 % of the 
genes analyzed were expressed and that 90 % of these were differentially regu-
lated at the whole-transcript or exon level across brain regions and/or time. The 
majority of these spatiotemporal differences were detected before birth, with sub-
sequent increases in the similarity among regional transcriptomes. The transcrip-
tome is organized into distinct co-expression networks and shows sex-biased gene 
expression and exon usage. Some of the inter-individual variations in the regional 
and developmental transcriptomes are associated with specific SNP genotypes, 
which may have altered expression-regulating elements. This study links the 
specific patterns of expression to specialized biological processes and uncovers 
deeper insights into the transcriptional foundations of human brain development 
and evolution.

8.2  Human Embryonic Stem Cell (HESC) Neural 
Differentiation

8.2.1  Directed Neural Specification of HESCs

The most detailed accounts of human neural development come from anatomi-
cal studies that outline a complex process by which neuroepithelial tissue forms 
the major CNS structures during neurogenesis (Kang et al. 2011), but this work 
does not provide insights into functional neuronal development and maturation. 
Therefore, human embryonic stem cells (HESCs), capable of differentiating into 
all cell types (Thomson et al. 1998; Reubinoff et al. 2000), allow the systematic 
functional evaluation of neural development under highly reproducible conditions. 
HESC is a powerful tool for the study of human development and disease and for 
applications in regenerative medicine. The use of HESCs differentiated toward 
CNS lineages has been of particular interest given the lack of effective therapies 
for many neurodegenerative and neuropsychiatric disorders and the availability of 
protocols for efficiently directing neuronal specification in vitro.

Interestingly, the early stages of neural development from HESCs corre-
spond to early anatomical brain development (Zhang 2006), which facilitates the 
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mechanistic studies of human neurodevelopment. Neural progenitor cells can be 
efficiently generated from HESCs and patterned to regionalized neural progeni-
tors (Yan et al. 2005; Zhang et al. 2001). To explore the neuronal development into 
subtypes, multiple methods have been established to direct HESCs differentiation 
into motor neurons, dopamine neurons, and other subtypes (Perrier et al. 2004; Li 
et al. 2005; Maroof et al. 2013). Investigators have also developed methods for 
direct conversion of HESCs into induced functional neurons (Zhang et al. 2013), 
which can be obtained with nearly 100 % yield and purity in less than 2 weeks 
by forced expression of a single transcription factor-NGN2. Surprisingly, biolo-
gists have successfully developed a human pluripotent stem cell-derived cerebral 
organoids, which develop various discrete brain regions and recapitulate features 
of human cortical development (Lancaster et al. 2013). This three-dimensional 
organoid culture system provides an in vitro model to recapitulate human brain 
development and disease. Taken together, this cellular model of neural differentia-
tion from HESCs forms a foundation to explore functional neuronal development 
and decipher how these physiological traits are regulated.

8.2.2  HESC Neural Differentiation and Disease Models

Given the lack of alternative sources, a major effort has been directed toward the 
development of differentiation protocols that convert pluripotent stem cells into 
neurons to allow examination of healthy human neurons and of neurons derived 
from patients with a variety of neurological diseases. The generation of HESCs 
and induced human pluripotent stem cells (iHPSCs) and their in vitro differentia-
tion into potentially any desired cell type hold great promise and may revolution-
ize the study of human disease.

In this approach, fibroblasts from patients with poorly understood neurodevel-
opmental diseases are converted into iHPSCs that are then differentiated into neu-
rons to study the pathogenesis of these diseases. Elegant studies have described 
differentiation protocols that produce distinct types of neurons in vitro. Early stud-
ies using iHPSCs have been primarily generated toward neurodegenerative disor-
ders, which are known to affect specific neuron types such as midbrain dopamine 
neurons in Parkinson’s disease or motor neurons in amyotrophic lateral sclerosis 
and spinal muscular atrophy (Kriks et al. 2011; Dimos et al. 2008; Ebert et al. 
2009). Moreover, there has been considerable progress in establishing protocols 
for the derivation of human cortical projection neurons from HESCs and iHP-
SCs (Maroof et al. 2013; Espuny-Camacho et al. 2013; Shi et al. 2012; Marchetto 
and Cage 2012). Some studies also tried to model diseases, such as Alzheimer’s 
disease and Rett syndrome, with iHPSCs to test the physiological characteris-
tics and drug responses (Marchetto and Gage 2012; Kondo et al. 2013; Zhou and 
Tripathi 2012; Marchetto et al. 2010). More importantly, scientists have performed 
genetic correction of human-induced pluripotent stem cells from patients with 
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neurodevelopmental diseases, such as spinal muscular atrophy (Corti et al. 2012; 
Maetzel et al. 2014).

Overall, these studies suggest that derivation of neurons from human pluripo-
tent stem cells may allow scientists to examine specific subtypes of neurons, to 
generate human neurons for regenerative medicine, and to investigate changes in 
human neurons in neuropsychiatric disorders (Han et al. 2011). In addition, chal-
lenges will be the development of a variety of tools that most sensitively and reli-
ably measure functional phenotypes that are relevant to disease, finally leading to 
the marriage between basic biology and translational medicine.

8.3  Lessons from HESCs for Human Neurodevelopment

8.3.1  The Superiority of HESC Neural Differentiation to 
Study Human Neurodevelopment

Current knowledge about cellular phenotypes in neurodevelopment and neuro-
degenerative diseases in humans was gathered from studies in postmortem brain 
tissues, which often represent the end-stage of the disease and are not always a 
fair representation of how the disease developed. Therefore, the use of HESCs and 
iHPSCs to model neurodegenerative and neurodevelopmental diseases has been 
broadly performed to observe the pathological phenotypes. Studying the in vitro 
phenotypic consequences of cell disease model can help to identify a molecular 
mechanism responsible for subtle alterations in the nervous system, which can be 
further checked in human patient tissues. A future challenge for neurodevelopmen-
tal disorders is the contribution of genetic background and environmental clues. 
Novel gene-targeting techniques in human pluripotent stem cells such as homol-
ogous recombination, zinc-finger nucleases, and CRISPR-Cas9 (Ran et al. 2013; 
Urnov et al. 2005) may help to eliminate background noise and individual vari-
ability. Effective gene targeting in HESCs could disrupt a specific disease-related 
gene, and the resulting neuronal behavior could be compared with the patient’s 
neuron containing the mutation.

Once a consistent abnormal disease-related phenotype is identified, screening 
platforms can be developed to test compounds (proteins, small molecules, and 
small hairpin RNAs) that revert or protect the cellular phenotype. After rigorous 
testing, therapeutic compounds will emerge from the screenings that could poten-
tially benefit a large cohort of patients. In the future, the direct conversion of astro-
cytes to motor neurons in spinal cord trauma patients or other neurodegenerative 
diseases in vivo might be an effective way for therapy of these diseases. Besides, 
the recapitulation of all stages of neural development from iHPSCs is a powerful 
tool to depict the exact moment of the disease onset and to optimize therapeutical 
interventions.
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8.3.2  The Gap Between Human Pluripotent Stem Cell 
Neural Differentiation and Human Neurodevelopment

Scientists are now using the powerful iHPSC technology to investigate early 
stages of human development and to model diseases, providing an innovative way 
to understand disease pathology, whereas there is a gap between HPSC neural dif-
ferentiation and human neurodevelopment.

The available lines of HESCs are notoriously variable with regard to epige-
netic marks, expression profile, and differentiation propensity, while recent reports 
suggest that significant intrinsic variability remains in the generated iHPSC lines 
(Pick et al. 2009). The abnormal expression of imprinted genes in a significant 
number of iHPSC lines was identified. The genetic and epigenetic differences have 
been generally attributed to the introduction of reprogramming factors and donor 
gene expression (Ghosh et al. 2010). Unexpectedly, the expression profile analy-
sis of integration-free iHPSC has shown a different expression signature with the 
original population and standard HESCs (Marchetto et al. 2009). Furthermore, the 
neuronal differentiation competence of different iHPSC lines was highly variable 
when compared with HESC differentiation (Hu et al. 2010). Determining the vari-
ability levels between different cell lines will help to screen a suitable cell model 
to elucidate more robust phenotypes on cells derived from diseased iHPSCs. In 
view of the variability between different iHPSC lines in undifferentiated and dif-
ferentiated states, it is hard to assign the best controls for diseased iHPSC lines. 
Recently, it has been reported that pluripotent stem cells could be induced from 
mouse somatic cells by small-molecule compounds (Hou et al. 2013). If it could 
be achieved in iHPSCs, it may enormously narrow the gap between human pluri-
potent stem cells and human neurodevelopment and diseases. Along with the sci-
entific progress, any obstacles between in vitro cell model and in vivo study could 
be solved, and a large cohort of patients could potentially benefit from the scien-
tists’ efforts.

8.4  Summary

Here, we have reviewed human brain growth and structural development in a com-
parative framework. Humans have a unique developmental phase directly after 
birth that contributes to the typical globular shape of the human brain. It is widely 
accepted that ontogenetic structural changes of the brain are tightly interrelated 
with cognitive and behavioral development. We have also reviewed the recent pro-
gress on the human brain transcriptome, which provides a huge set of information 
about human neurodevelopment. Future work should attempt to more tightly inte-
grate our knowledge about brain development on structural development, cogni-
tive development, and transcriptome in humans.



198 Y. Qiao and N. Jing

HESCs and iHPSCs, which could be efficiently differentiated into human neu-
ral progenitor cells or mature neurons, have been widely used to model human 
neurodevelopment and neuropsychiatric disorders. Although there are some dis-
tance between in vitro cultured neural cells and in vivo neural tissues, the great 
progress in this field will reduce this gap and bring the in vitro and in vivo world 
together.
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Abstract With their capacity for self-renewal and pluripotency, stem cells are 
a promising option for the treatment of degeneration diseases or injury, such as 
type I diabetes mellitus, Parkinson’s disease, Huntington’s disease, myocardial 
infraction, muscle damage, and many others. However, several issues should be 
addressed before clinical translation, such as (1) What is the optimal cell type, cell 
dosage, and delivery route? (2) When is the ideal timing for cell transplantation? 
(3) How long do these cells survive and do they integrate, proliferate, and differ-
entiate? and (4) Can these physiologic processes be monitored in vivo? Molecular 
imaging offers the potential for monitoring the location, engraftment, and survival 
of the transplanted cell. In this chapter, we will describe the major imaging strate-
gies and their applications for stem cell therapy. Furthermore, the perspective on 
the future role of molecular imaging in defining safety and efficacy for clinical 
implementation of stem cell therapies will be discussed.

Keywords Molecular imaging · Stem cell · Therapy · Reporter gene · Labeling

9.1  Introduction

Stem cell therapy has shown great promise for regenerative repair of injured or 
diseased tissues. However, several issues in stem cell transplantation such as moni-
toring the migration, differentiation, and distribution of transplanted cells should 
be addressed (Himmelreich and Dresselaers 2009). Therefore, the ability to track 
cell migration, cell homing, and cellular fate noninvasively in vivo is important 
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in understanding the roles of transplanted cells in preclinical trials. Consequently, 
novel molecular imaging techniques are necessary for exploring the behaviors and 
the feasibility of cell transplantation therapy of stem cells (Li et al. 2009; Tong 
et al. 2013).

Along with the rapid development of sensitive, noninvasive technologies, sev-
eral molecular imaging approaches have been implicated to track the fate of stem 
cells in vivo (Li et al. 2008; Gu et al. 2012). Stem cell-based therapies may be 
improved by the application of imaging technologies that allow investigators to 
track the location, engraftment, and survival of the transplanted cells. Over the 
past decade, investigations have produced promising clinical data regarding stem 
cell therapy, but design of trials and evaluation of treatments stand to be improved 
by emerging insight from imaging studies (Ransohoff and Wu 2012).

9.2  Stem Cell Therapy

A wide variety of stem or progenitor cells, including adult bone marrow stem 
cells, endothelial progenitor cells, mesenchymal stem cells (MSCs), resident 
cardiac stem cells, and embryonic stem cells, have been shown to have positive 
effects in preclinical studies and therefore hold promise for treating and curing 
degenerative diseases. There is increasing evidence that adult human tissues har-
bor stem cells and progenitor cells that can be used for stem cell therapy. Bone 
marrow contains pluripotent hematopoietic stem cells (HSCs) that continuously 
produce blood cells, which have the ability to self-renew and differentiate into 
progenitor cells, leading to all hematopoietic lineages. HSC-based gene therapy 
has been an established cellular therapy for patients with hematological diseases, 
and it has shown great potential for the emerging field of regenerative medicine 
(Lee et al. 2008). In addition to HSCs, bone marrow also contains progenitor 
cells that can differentiate into multiple mesenchymal phenotypes (Haynesworth 
et al. 1992; Pittenger et al. 1999). It has been proposed that the mesenchymal 
progenitors of bone marrow are part of a mesenchymal lineage analogous to that 
described for hematopoiesis and that the multipotential progenitors in bone mar-
row may be mesenchymal stem cells (MSCs) or multipotent bone marrow stromal 
cells. Moreover, MSCs have been derived from a variety of other tissues or organs, 
including adipose, placenta, and umbilical cord. Embryonic stem (ES) cells are 
capable of differentiation into any somatic cell type of the human body and have 
the potential for unlimited self-renewal (Thomson 1998). Furthermore, recent pro-
gresses on induced pluripotent stem cells (iPSCs) provide alternative source for 
stem cell therapy (Li et al. 2011). However, stem cell biology remains incom-
pletely understood despite significant advances in the field. Inefficient stem cell 
differentiation, difficulty in verifying successful delivery to the target organ, and 
problems with engraftment all hamper the transition from laboratory animal stud-
ies to human clinical trials (Gu et al. 2012). To realize the full therapeutic potential 
of stem cell technology, it will be necessary to develop novel assessments that can 
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be used easily to determine the exact cellular state of the transplanted cells, which 
can be achieved by the application of molecular imaging.

9.3  Molecular Imaging

Recently, noninvasive, imaging-based monitoring methods have been developed 
to track stem cell transplants by labeling the cells. The goal is to track the dis-
position, distribution, and migration of stem cells once introduced into the model 
organism (Lee et al. 2008). Advanced imaging technology can provide anatomic 
and functional assessment (e.g., conventional anatomic and functional imaging), 
as well as visualization of biological processes at the cellular and molecular level 
(e.g., molecular imaging). Both disciplines use various imaging technologies such 
as radionuclide, magnetic resonance, optical, and computed tomographic. How to 
select the most effective imaging strategy requires a determination of whether the 
imaging system can meet the necessary requirements for spatial and temporal res-
olution, sensitivity, and penetration depth for visualization of the imaging target.

Although conventional anatomic and functional imaging can provide an over-
view for cell delivery and an assessment of the effects of stem cell therapy, molec-
ular imaging can be used to track stem cells in vivo and to study their potential 
mechanistic benefits. In molecular imaging, imaging probes are used to target the 
biological process of interest (Nguyen et al. 2011).

Moreover, the use of stem cells has been hampered by lack of understanding 
of their mechanisms of action and poor retention rates after delivery (Rodriguez-
Porcel et al. 2012; Das et al. 2009). Recent research on stem cell therapy illus-
trated the potential of molecular imaging in monitoring not only the survival of 
progenitor cells but also their effect on the target tissue (Ale et al. 2013). The main 
strength of molecular imaging is the capacity of not only detecting organ dysfunc-
tion, but also providing insight on the mechanism that led to such dysfunction, 
opening the door for the understanding of the disease at the molecular level (Chen 
and Wu 2011). However, there is no single imaging modality that can provide all 
the answers, and the choice of imaging modalities should be selected depending 
on the specific question or need in mind.

9.4  Approaches for Noninvasive in Vivo Imaging of Stem 
Cell Therapy

Stem cell therapy is an exciting area of research that promises future treatment of 
many diseases (Chiu 2003). Molecular imaging techniques provide a means for 
noninvasive, repeated, and quantitative tracking of stem cell implant or transplant. 
However, to fully understand the beneficial effects of stem cell therapy, investi-
gators must be able to track the biology and physiology of transplanted cells in 
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living subjects over time (Li et al. 2007). The development of sensitive, noninva-
sive technologies to monitor this fundamental engraftment will greatly aid clinical 
implementation of cell therapy (Li et al. 2008).

9.4.1  Methodologies for Labeling Stem Cells

There are two main classes of molecular imaging techniques: direct stem cell labe-
ling and reporter gene imaging. The former employs contrast agents such as mag-
netic particles, luminescent nanoparticles, or radionuclides to directly label the cell, 
whereas the latter genetically alters the cell to transcribe and translate a reporter 
protein (Fig. 9.1) (Gu et al. 2012). Direct labeling allows high spatial resolu-
tion (MRI) and high sensitivity (SPECT or PET) imaging and is best used to track 
the in vivo localization of cells in the hours to days following delivery. However, 
a common drawback these methods share is their reliance on physical labels. 
Superparamagnetic iron oxide (SPIO) and radionuclide probes are diluted with cell 
division and are not capable of tracking cell proliferation, especially when cells mis-
behave as in the case of ES cell-derived teratoma formation (Li et al. 2008). SPIO 
agents further suffer from the unique problem of being taken up by macrophages 

Fig. 9.1  Conceptual basis for direct imaging and indirect imaging. Left, Schema of direct imag-
ing shows MRI or PET tracers; Right, The indirect reporter gene imaging that needs exogenous 
substrate, reporter protein, and reporter gene. Abbreviations: Gd-DTPA, gadolinium-diethylene-
triamine pentaacetic acid; SPIO, superparamagnetic iron oxide; 99mTc, 99mTc-hexamethylpropyl-
ene amine oxime; 111In-oxine, 111In-oxyquinoline. (Reproduced from Tong et al. 2013)
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after donor cell death (which may continue to produce signal even after cell death) 
and hence cannot be used to accurately monitor long-term cell survival and behavior 
(Bulte and Kraitchman 2004). By comparison, SPECT or PET tracers lose signal 
due to radioisotope decay. A typical PET radioisotope such as F-18 has a half-life of 
only 110 min and can only be used to image cells in the hours immediately follow-
ing cell delivery (Hofmann et al. 2005). Although reporter gene imaging requires 
genomic manipulation and poses potential safety issues, it is the preferred labe-
ling strategy because signal generation is dependent on cell viability. In this type 
of imaging, a gene coding for the synthesis of a detectable protein is introduced 
into a target cell line or tissue via viral or non-viral vectors. Reporter genes are 
only expressed by live cells, and the signal is propagated by daughter cells (Li et al. 
2009). Therefore, in reporter gene imaging, stem cells can be genetically engineered 
to express various reporter genes before transplantation. The reporter genes can be 
detected by sensitive imaging devices such as the optical charge-coupled device 
(CCD), single photon emission computed tomography (SPECT), or positron emis-
sion tomography (PET) (Cao et al. 2006). Magnetic resonance (MR) imaging of 
stem cells is also an emerging application for monitoring cell engraftment (Li et al. 
2008). Examples of commonly used reporter genes include firefly luciferase (Fluc) 
and herpes simplex virus thymidine kinase (HSV-tk), which can be detected by bio-
luminescence imaging (BLI) and PET, respectively (Cao et al. 2006).

9.4.2  Radionuclide Imaging

Radionuclide imaging is the sole direct labeling technique used thus far in human 
studies, involving both autologous bone marrow-derived stem cells and peripheral 
hematopoietic stem cells (Schachinger et al. 2008; Dedobbeleer et al. 2009). There 
are two main techniques for radionuclide imaging: positron emission tomography 
(PET) and single photon emission computed tomography (SPECT). Both PET 
and SPECT are highly sensitive tools for investigating in vivo bio-distribution of 
cells. Radionuclide imaging can be used in two ways: direct labeling and reporter 
gene labeling. Direct labeling requires isotopes such as 18O, 13N, 11C, and 18F, 
and genetic labeling can be performed with reporter genes such as herpes simplex 
virus thymidine kinase (HSV-tk) (Wu et al. 2003) or human sodium iodide sym-
porter (hNIS) (Terrovitis et al. 2008).

9.4.3  Magnetic Resonance Imaging

While less sensitive than PET, SPECT, and optical imaging (BLI and fluorescence), 
MRI has higher spatial resolution and is useful for real-time tracking and monitor-
ing cell survival. MRI provides valuable simultaneous anatomical and physiological 
data. Novel molecular agents are being developed to increase the sensitivity of this 
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imaging modality. The ideal MRI contrast agent should be able to increase signal 
intensity without decreasing target cell activity, detect a small number of cells, and 
be retained by cells long enough and stably enough to permit longitudinal imaging 
(Lau et al. 2010). As with radionuclide imaging, MRI can employ both physical 
and genetic (such as β-galactosidase and the transferrin receptor) labels. The two 
most widely used physical labels are gadolinium chelates and superparamagnetic 
iron oxide (SPIO) nanoparticles. MRI protocols require that cells should be labeled 
prior to transplantation. The first MRI reporter gene encoded a creatine kinase, an 
enzyme that can generate phosphocreatine detectable by 31P magnetic resonance 
spectroscopy (MRS) in the rat liver (Koretsky et al. 1990).

A number of studies have shown the feasibility of longitudinal noninvasive 
monitoring of transplanted cells in preclinical models using MRI. This approach 
could potentially be translated into clinical practice for evaluating stem cell sur-
vival and for monitoring therapeutic intervention during tissue rejection. MRI is 
well suited for stem cell tracking because it can provide both whole-body and 
detailed information on host organs with near microscopic anatomical resolution 
and excellent soft-tissue contrast (Mathiasen and Kastrup 2013).

9.4.4  Bioluminescence Imaging

Bioluminescence imaging (BLI) requires incorporation of an optical reporter gene, 
most commonly the firefly luciferase gene (Fluc, from the firefly Photinus pyra-
lis). Photons are emitted when the optical probe, D-luciferin, administered intra-
peritoneally or intravenously, is oxidized by the firefly luciferase enzyme, which 
is encoded by the Fluc gene. Unlike fluorescence imaging, BLI requires no excita-
tory light source. The amount of background auto-fluorescence in vivo is low, so 
images are highly sensitive (Fig. 9.2). Other types of bioluminescence reporter 
gene and reporter probe [e.g., Renilla luciferase from sea pansy (Renilla reni-
formis) and coelenterazine] are also available (Bhaumik and Gambhir 2002; Leng 
et al. 2014). BLI is a highly sensitive method for tracking cell survival, especially 
compared to physical labels used in MR or to short-lived PET radionuclide tracers.

BLI has been used extensively in small animal studies to track and compare the 
survival, engraftment, and migration of a range of cell populations, including bone 
marrow stem cells, skeletal myoblasts, and MSCs in the infarcted myocardium 
(van der Bogt et al. 2008). In a hindlimb ischemia model, mouse embryonic stem 
cell-derived endothelial cells preferentially localized to the ischemic hindlimb and 
incorporated into the microvasculature, and their localization (as assessed by BLI) 
was associated with improvement in limb perfusion (as assessed by laser Doppler) 
(Huang et al. 2010). Furthermore, BLI has been used to evaluate various immuno-
suppressive regimens for inducing long-term tolerance to xenogenic and alloge-
neic ES cells and induced pluripotent stem cell (iPSC) transplantation (Pearl et al. 
2011). Finally, insertion of the Fluc gene downstream of a tissue-specific promoter 
can lead to reporter activity upon cellular differentiation (Kammili et al. 2010).
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9.4.5  Fluorescence Imaging

Fluorescent imaging has been used for decades, first of all excitatory visible light 
is needed, and the resultant shifts in wavelength are then recorded. Fluorescent 
reporter proteins include green fluorescent protein (GFP) which derived from the jel-
lyfish Aequorea victoria, and excitatory violet light leads to GFP emission of green 
(509 nm) light (Massoud 2003). To date, there are many fluorescent proteins with 
point mutations that make different fluorescent properties (Kang and Chung 2008).

9.5  The Benefits and Drawbacks of Major Imaging 
Modalities

9.5.1  Radionuclide Imaging

The advantages of radioscintigraphic techniques include their picomolar sensitiv-
ity, good tissue penetration, and translation to clinical applications (Welling et al. 
2011). Preclinical studies of PET or SPECT reporter genes have been used to 
track stem cell survival longitudinally. Stem cells are either transiently or stably 

Fig. 9.2  Conceptual basis of tracking the survival of transplanted stem cells in living animals 
with bioluminescence. Stem cells are first stably transduced with a reporter gene such as firefly 
luciferase. Then, cells are transplanted into animal model. In the presence of reporter probe such 
as D-luciferin, the cells can emit photons that can be detected by a highly sensitive charge-cou-
pled device (CCD) camera. Cell survival and migration can then be tracked longitudinally within 
the same animal. (Reproduced from Li et al. 2009)
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transduced with a reporter gene (e.g., HSV-tk or hNIS) in vitro prior to transplan-
tation. This technique has been used to track MSCs stably transduced with HSV-tk 
(via lentiviral vector) (Gyongyosi et al. 2008) or MSCs transiently transduced with 
HSV-tk (via adenoviral vector) (Willmann et al. 2009). The major advantage of 
reporter genes over direct labeling is that the signal directly reflects cell viability, 
because the readout depends on reporter gene expression and the interaction of the 
reporter gene product (i.e., HSV-TK protein) and the reporter probe. In contrast, 
because direct labeling depends on the decay of the radioisotope, positive results 
do not necessarily equate cell viability, but only denote probe presence (Ransohoff 
and Wu 2010). Although radionuclide imaging offer great sensitivity, there are 
several disadvantages to both techniques, including the leakage of radionuclides 
into nontarget cells (Stojanov et al. 2012), limited time window for imaging due to 
half-life decay, lower spatial resolution as compared to MRI, and the emission of 
ionizing radiation that may impair stem cell proliferation and survival.

9.5.2  Magnetic Resonance Imaging

The advantages of MRI are high resolution, good contrast, and label persistence. 
Though MRI has a high spatial resolution (μm), the sensitivity of MRI is low, in 
the micromolar range with gadolinium chelates and in the millimolar range with 
iodine-based contrast agents. This is because the percentage of dipoles that align 
correctly in the magnetic pulse is very low, so large amounts of contrast must be 
used. In studies of small and large animals, the lowest number of cells that could 
be detected was ∼100, 000. Another problem with MRI is that physical labeling 
with SPIO does not distinguish viable from non-viable cells and cannot provide 
information about cell proliferation, since the initial number of iron particles 
used to label the parent cell can remain after cell death (Fig. 9.3) (Li et al. 2008). 
Moreover, MRI is not widely used in patients with implantable devices such as 
pacemakers or implantable cardioverter-defibrillators because of the poten-
tial interference between the device and the magnetic field (Sierra and Machado 
2008). Finally, while genetic modification to express MR reporter genes is highly 
useful and sensitive to both cell proliferation and viability, hurdles involving 
detection sensitivity and the effects of modification on cell characteristics have yet 
to be resolved (Zhang and Wu 2007).

9.5.3  Bioluminescence Imaging

Though BLI is a highly sensitive and versatile imaging tool, it has several disad-
vantages. First, light transmission through an opaque animal is dependent on tis-
sue type and depth. In addition, photon scatter and signal loss are nonlinear as a 
function of depth (Ntziachristos et al. 2005) and BLI only can be used for small 
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animal. A final problem is one shared by all tracking methods involving genetic 
manipulation. Reporter gene expression such as Fluc can decrease over time due 
to epigenetic silencing, especially when a viral promoter (e.g., cytomegalovirus 
promoter) is used (Krishnan et al. 2006).

9.5.4  Fluorescence Imaging

Fluorescence imaging has a high background due to significant auto-fluorescence 
and is also limited by scattered and shallow tissue penetration (Sutton et al. 2008). 
Another drawback of fluorescence imaging is its leakage to neighboring cells, a 
problem shared by SPIO-based MRI. Leakage to nearby cells following cell death 
could lead to inaccurate measurements and false positives, since signal would no 
longer correlate with cell viability (Ransohoff and Wu 2010).

Fig. 9.3  Direct comparison of reporter gene imaging (genetic labeling) versus iron particle 
imaging (physical labeling) for tracking stem cells. a These predifferentiated human ESC-derived 
endothelial cells (hESC-ECs) and undifferentiated ESCs were SPIO-labeled (with Feridex) and 
then injected into mouse hindlimbs. MR images of one representative animal show the cells at 
days 2, 7, 14, 21, and 28. b MR does not show survival differences between the two groups, as 
the signal is steady throughout all imaging time points, with a higher signal in the hESC-EC 
group through day 28. c These same ESCs were transduced with the human ubiquitin promoter 
driving firefly luciferase (Fluc) and enhanced green fluorescence protein (eGFP). These cells 
were then cultured as in a prior to transplantation into the hindlimb of a mouse. d BLI showed 
divergent survival profiles for the two groups, with proliferation of ESC and acute donor cell 
death of predifferentiated hESC-ECs. This study demonstrated that MRI provided detailed infor-
mation on the anatomical location of cells, but not on cell viability. Reporter gene imaging is a 
better indicator of cell viability and proliferation. (Reproduced from Li et al. 2008)
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9.6  Molecular Imaging of Stem Cell Therapy

Stem cell-based therapies can offer the treatment of many diseases and injuries, 
including cardiovascular disease, stroke, peripheral arterial disease, neurodegen-
erative diseases, and cancer. However, stem cell biology remains incompletely 
understood in spite of significant advances in this field. Low efficiency of stem cell 
differentiation, difficulty in detecting successful delivery to the target organ, and 
problems with engraftment all prevent the transition from laboratory animal studies 
to human clinical trials. There are still many unsolved questions about the ideal cell 
type for different patient populations in addition to dose, timing, and optimal deliv-
ery route. To take into consideration these factors and to optimize the cell therapies, 
it is important to perform noninvasively imaging technology to monitor the pres-
ence of transplanted cells and the metabolic biology of transplanted cells over time 
and to integrate this with the clinical effects seen in patients (Mathiasen and Kastrup 
2013). Over the past decade, investigations have produced promising clinical data 
regarding cell therapy, but design of trials and evaluation of treatments stand to be 
improved by emerging insight from imaging studies (Ransohoff and Wu 2012).

9.6.1  Imaging Stem Cell Therapy for the Treatment of 
Cardiovascular Disease

Coronary artery disease (CAD) is the most common cause of death in Western 
countries (Yusuf et al. 2001a, b). Despite some advances in treatment of CAD, 
a large number of patients cannot be treated successfully. Several elegant stud-
ies demonstrate that endothelial progenitor cells harvested from the bone mar-
row (Kocher et al. 2001; Takahashi et al. 1999) or circulating peripheral blood 
(Vaughan and O’Brien 2012) can contribute to angiogenesis and functional regen-
eration of ischemic or infarcted myocardium (Li et al. 2007).

Noninvasive imaging could provide a comprehensive overview of cell therapy, 
ranging from the basic biology of cells to preclinical and clinical translation. Stem 
cell transplantation has been studied widely for the past decade as a novel therapy 
to reverse or minimize myocardial injury, with the goal of improving cardiac func-
tion (Cheng et al. 2012; Khan et al. 2012; Welt et al. 2013). Moreover, combined 
different stem cells may enhance therapeutic effect; for instance, human cardiac 
stem cells and MSCs altogether accelerate cardiac function improvement after 
myocardial infarction (Williams et al. 2013).

Direct labeling iron oxide nanoparticles, a well-defined agent, show an excel-
lent safety performance with little impact on cellular function (Arbab et al. 2005; 
Kostura et al. 2004). Labeling of cells with fluorinated compound is also applied 
in stem/progenitor cells (Partlow et al. 2007). Reporter gene imaging of stem cells 
is another form used in investigating cardiac disease therapy, which can over-
come some of the limitations caused by direct cell labeling. For instance, firefly 
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luciferase reporter gene labeled cardiac resident stem cells engraftment can be 
noninvasively tracked for 8 weeks (Fig. 9.4). Furthermore, the key biological inter-
actions between transplanted cells and their host environment can also be obtained 
by reporter gene imaging in living subjects. So imaging of these molecules pro-
vides a better understanding to the changes produced by transplantation of stem 
cells in the development of atherosclerotic vascular disease, such as imaging of 
integrin αvβ3, exposed phosphatidylserine, and glucose metabolism. Recent study 
revealed that reporter gene imaging allows assessment of changes in the oxidative 
status of MSCs after delivery to ischemic myocardium in a rat model of myocar-
dial ischemia/reperfusion (Psaltis et al. 2013).

9.6.2  Imaging Stem Cell Therapy for the Treatment  
of Brain Injury

Brain injury causes brain damage in the fetus and newborn infants and represents 
a major cause of cerebral palsy, learning disability, cognitive impairment, and epi-
lepsy (Vannucci 2000). Early imaging studies in patients with stroke (Chollet et al. 

Fig. 9.4  Reporter gene imaging of CSC fate after transplantation. a A representative animal 
injected with 5 × 105 cardiac stem cells (CSCs) shows significant bioluminescence activity at 
day 2, which decreases progressively over the following 8 weeks. b Detailed quantitative analysis 
of signals from all animals transplanted with CSCs. Signal activity is expressed as photons/s/
cm2/sr. c Estimation of percent donor cell survival plotted as % signal activity (normalized to day 
2) over the 8-week period after transplantation. (Reproduced from Li et al. 2009)
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1991; Ward 2004) and microstimulation in experimental models of stroke (Nudo 
et al. 1996; Brown et al. 2007) reported that in response to ischemic injury, the 
brain undergoes limited compensatory changes in an effort to recover from struc-
tural and functional loss (Cramer and Chopp 2000).

Neural stem cell-based therapy offers the prospect to rescue damaged tissue, to 
replace lost cells, and to restore neurological function after brain injury (Daadi et al. 
2010). However, they cannot differentiate into multiple functional neural cell types and 
the quantity of cells generated cannot meet the global demand for autologous cell trans-
plantation therapy. Human ES cell-derived neuron stem cells are amenable to large-
scale manufacturing under a quality assurance program and have a broad potential for 
cell differentiation (Daadi et al. 2009). To understand the behavioral and functional 
properties of the transplanted cells, it is necessary to perform noninvasive imaging 
modalities. Previous studies have reported superparamagnetic iron oxide (SPIO)-based 
MRI of grafted cells in the course of migration in stroke experimental models (Hoehn 
et al. 2002; Guzman et al. 2007). Moreover, reporter gene-based molecular imaging 
techniques such as bioluminescence imaging (BLI) have been used to efficiently track 
the survival of hES cell-derived neuron stem cells (Daadi et al. 2009, 2010).

9.6.3  Imaging Stem Cell Therapy for the Treatment  
of Cancers

Endothelial progenitor cells (EPCs)/MSCs have shown tropism toward primary 
tumors or metastases and are thus potential vehicles for targeting tumor therapy 
(Leng et al. 2014; Su et al. 2013). A research has reported that human embryonic 
stem cell-derived endothelial cells (hESC-ECs) can be used as cellular delivery 
vehicles for therapy of metastatic breast cancer (Su et al. 2013). And optical bio-
luminescence imaging of luciferase reporter genes has been used to monitor tumor 
growth and regression (Goldman et al. 2011; Sun et al. 2010), to visualize the 
 kinetics of tumor cell clearance by chemotherapeutics, and to track gene expression 
(Luker et al. 2012; Griesenbach et al. 2011). With their capacity of tumor-specific 
tropism, mesenchymal stem cells (MSCs) have been considered to be attractive 
vehicles for delivering therapeutic agents toward tumor sites (Yong et al. 2009; 
Kidd et al. 2010). Human umbilical cord-derived MSCs (hUC-MSCs) armed with 
a triple fusion (TF) gene containing the herpes simplex virus truncated thymidine 
kinase (HSV-ttk), Renilla luciferase (Rluc), and red fluorescent protein (RFP) were 
injected into pre-established GFP-Fluc double fusion MDA-MB-231 breast cancer 
model. Bioluminescence imaging of Fluc and Rluc provided the real-time moni-
tor of tumor cells and hUC-MSCs simultaneously. Near-infrared (NIR) imaging 
was employed for further demonstrating the effect of hUC-MSCs on tumor cells in 
vivo, and the results showed that hUC-MSCs could inhibit tumor angiogenesis and 
increased apoptosis to a certain degree. Those results indicate that molecular imag-
ing is an invaluable tool in tracking cell delivery and tumor response to stem cell 
therapies as well as cellular and molecular processes in tumor (Leng et al. 2014).
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9.7  Multimodalities Molecular Imaging  
of Stem Cell Therapy

Multimodality medical imaging takes advantage of the strengths of different imag-
ing modalities to provide a more complete picture of the anatomy under investiga-
tion (Wang et al. 2013). The idea of combining imaging technologies moved to the 
mainstream with the advent of the first successful commercial fused instrument is 

Fig. 9.5  MRI and firefly luciferase (Fluc) imaging analysis of the neural stem cell grafts in exper-
imental stroke model. a Fluc activity in these animals shows a stable bioluminescence signal, 
which suggests the survival of the grafts and the non-proliferative property of the transplanted 
stem cells. b Three-dimensional surface rendering reconstruction of grafted rat brain from high-
resolution T2-MRI illustrates the grafts (green) and stroke (pink, red) in a representative animal 
from the (h–j) low-dose and (k–m) intermediate-dose group. (Reproduced from Daadi et al. 2009)
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PET-CT. PET-CT, an imaging technique that combines PET and an X-ray computed 
tomography (CT), gives chance to obtain better images having higher resolution by 
fusing both functional and anatomical images in the same imaging modality at the 
same time. Moreover, many other multimodality imaging technologies, including 
SPECT-CT and PET-MR, are commonly used in clinic. Real-time imaging of trans-
planted stem cells in stroke-damaged rat brain with bioluminescence imaging (BLI) 
and magnetic resonance imaging (MRI) revealed that cell survival can be tracked 
noninvasively by MRI and BLI for 2 months after transplantation and confirmed his-
tologically (Daadi et al. 2009). However, reporter gene is a better marker for monitor-
ing cell viability, whereas iron particle labeling is a better marker for high-resolution 
detection of cell location by MR (Fig. 9.5) (Li et al. 2008; Daadi et al. 2009).

9.8  Conclusion

A wide variety of stem or progenitor cells, including adult bone marrow stem 
cells, endothelial progenitor cells, MSCs, resident cardiac stem cells, and ES 
cells, have been shown to have positive effects in preclinical studies and therefore 
hold promise for treating and curing debilitating and deadly diseases. In addition 
to establishing the efficacy of stem cell therapy, there are some safety concerns 
that should be addressed in the routine clinical implementation of cell-based treat-
ment, such as cell migration and tumorigenicity. Noninvasive molecular imaging 
could provide a comprehensive overview of cell therapy, which gives integral and 
comprehensive guidance ranging from the basic biology of cells to preclinical and 
clinical translation for the investigation of stem cell therapy. Although a variety of 
cell imaging techniques have been validated in preclinical models, translation of 
cell-tracking technologies into clinical settings will require a substantial amount of 
preparation and perseverance. With the efforts of researchers, molecular imaging 
is becoming a clinically feasible tool for the interrogation of the variability in cell 
survival, engraftment, and differentiation after stem cell transplantation.
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Abstract The application of stem cells has always attracted great interest in the 
field of peripheral nerve regeneration. In recent years, the rapid development of 
neural tissue engineering makes it possible to use stem cell transplantation to 
repair peripheral nerve injury. Seed/support cell or cellular source from stem cell 
has been known as one of the components for neural tissue engineering. The tis-
sue-engineered nerve grafts (TENGs) support the regeneration of longer peripheral 
nerve gaps than scaffold alone. A number of TENGs have been used experimen-
tally to bridge long peripheral nerve gaps in various animal models, where the 
desired outcome is peripheral nerve regeneration and functional recovery. Stem 
cells may improve the local microenvironment in nerve injury sites, providing nec-
essary conditions for axonal regeneration. Nowadays, the types of stem cells and 
their application tend to diversify. Stem cells are more effective in providing nec-
essary factors that promote peripheral nerve regeneration. So far, the application of 
stem cells for peripheral nerve regeneration is limited mainly because of the low 
survival rate of transplanted stem cells due to host immune rejection and changes 
in the local microenvironment. Here, we summarize the latest research progress 
and application strategies of stem cells in peripheral nerve regeneration. To push 
the translation of stem cell application for peripheral nerve regeneration into the 
clinic, we anticipate that a TENG with a close proximity to the regenerative micro-
environment of the peripheral nervous system (PNS) will be developed.
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10.1  Introduction

Peripheral nerve injury is a global clinical problem and causes a devastating 
impact on patients’ quality of life (Noble et al. 1998; Robinson 2000; Taylor et al. 
2008; Asplund et al. 2009). In the USA, about 360,000 people suffer from upper 
extremity paralytic syndromes annually, and 44,000 upper extremity procedures 
involved the nervous system during the period of 1989–1991 (Kelsey et al. 1997); 
over 300,000 cases of peripheral nerve injury occur annually in Europe (Mohanna 
et al. 2003). Although the peripheral nervous system (PNS) has a greater capacity 
of axonal regeneration than the central nervous system (CNS) after injury, sponta-
neous repair of peripheral nerve is nearly always unsatisfied with poor functional 
recovery. Various types of medical therapy have been carried out for several hun-
dred years with the intention of improving outcomes (Artico et al. 1996; Battiston 
et al. 2009). Peripheral nerve repair consequently represents a unique challenge 
and opportunity to clinical and translational neurosciences. Various grafts between 
the nerve stumps are required to bridge the gap and support axonal regeneration 
in a substantial nerve gap of peripheral nerve injury. An autologous nerve graft, 
which is usually a functionally less important nerve segment from another site of 
the body (Johnson and Soucacos 2008), is accepted as the gold standard therapy 
for peripheral nerve injury. However, there are inherent disadvantages, including 
the limited supply of donor nerves, a second surgery, donor site morbidity, and a 
mismatch between the donor nerve and the recipient site (Ortiguela et al. 1987; 
Mackinnon and Hudson 1992). These collectively have encouraged the develop-
ment of alternatives to autologous nerve grafts.

As is known, the microenvironment surrounding an injury site in PNS is often 
more permissive to axonal regeneration as compared to that in the CNS (Gu et al. 
2011). Although peripheral nerve regeneration is ultimately determined by qual-
ity and speed of axonal outgrowth (Malin et al. 2009), Schwann cells (SCs) also 
play a critical role in the establishment of the regenerative microenvironment. It 
is the special importance of SCs in PNS that is responsible for the effectiveness 
of using SCs as support cells for the generation of TENGs (Johnson et al. 2005). 
Myelination of axons seems to be the most basic function of SCs because myelin 
sheath, as a unique component of the nervous system, can increase axonal con-
duction, especially salutatory conduction, thus allowing fast and efficient salu-
tatory propagation of action potentials along the nerve (Honkanen et al. 2007; 
Salzer et al. 2008; Rumsey et al. 2009). On the other hand, the development of 
myelinated nerve fibers in PNS depends on complex interactions between SCs 
and axons. Axons can in turn promote the deposition of the basal lamina by SCs, 
which is required for the ensheathment of axons and the subsequent differentia-
tion of SCs, and the maturation of fully myelinating SCs depends on contact and 
signaling from axons (Muir 2010; Wanner et al. 2006). Based on the insights into 
the interactions between SCs and axons, in this study, a unique scheme for incor-
porating biochemical cues into neural scaffold was adopted to establish an optimal 
regenerative microenvironment.
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With progress in regenerative medicine, especially when tissue engineering 
and a subfield of neural tissue engineering has emerged, various biological and 
artificial nerve grafts, which are generally named tissue-engineered nerve grafts 
(TENGs), have been produced in attempts to supplement or even substitute for 
autologous nerve grafts. The typical TENGs involve both physiochemical and 
biological cues, which are provided by a biomaterial-based structure, as well as 
a multitude of cellular or molecular components. In recent years, many excellent 
review articles discuss the clinical applications and future directions of TENGs 
(Johnson and Soucacos 2008; Gu et al. 2011; Schmidt and Leach 2003; Chalfoun 
et al. 2006; Johnson et al. 2008; Seidlits et al. 2008; Deumens et al. 2010; Jiang 
et al. 2010; Khaing and Schmidt 2012; Rajaram et al. 2012; Zochodne 2012).

The application of various stem cells has always attracted much interest in the 
field of peripheral nerve regeneration. In recent years, the rapid development of 
neural tissue engineering makes it possible for the use of stem cell transplanta-
tion to repair peripheral nerve injury. Seed/support cell which usually is, or source 
from stem cell has been known as one of the components for neural tissue engi-
neering. The TENGs can support longer peripheral nerve regeneration than the 
scaffold alone. A number of TENGs have been used experimentally to bridge long 
peripheral nerve gaps in various animal models, where the desired outcome is 
peripheral nerve regeneration and functional recovery. The stem cell may improve 
the local microenvironment in nerve injury sites, providing necessary conditions 
for axonal regeneration. Nowadays, the type of stem cell and their application 
tend to diversify. Stem cells are more effective to provide the necessary factors 
that promote peripheral nerve regeneration. So far, the application of stem cell for 
peripheral nerve regeneration is limited mainly because of the less survival rate 
of transplanted stem cell due to host immune rejection and changes in the local 
microenvironment. This chapter summarizes the latest research progress and appli-
cation strategy of stem cells for peripheral nerve regeneration. To push the transla-
tion of stem cell application for peripheral nerve regeneration into the clinic, we 
anticipate that a TENG with a close proximity to the regenerative microenviron-
ment of the PNS will be developed.

10.1.1  Types and Sources of Stem Cell for Peripheral Nerve 
Regeneration

10.1.1.1  Mesenchymal Stem Cells (MSCs)

The application of stem cells from different sources in the field of neural tissue 
engineering has attracted much interest, the bone marrow mesenchymal stem cells 
(also named bone marrow stromal cells, BMSCs) being undoubtedly the most 
important. MSCs are featured by their abilities to: (1) differentiate into mature 
cells and populate the resident tissue, having a therapeutic potential for regenera-
tive medicine; (2) secrete growth factors or other soluble mediators; and (3) serve 
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as a vehicle for protein drug delivery, namely perform gene therapy (Horwitz 
and Dominici 2008). They localize in the stromal compartment of the bone mar-
row, where they support hematopoiesis and differentiate into mesenchymal line-
ages (Johnson and Dorshkind 1986; Deryugina and Muller-Sieburg 1993; Bianco 
et al. 2001; Abdallah and Kassem 2008; Phinney and Prockop 2007; Franchi et al. 
2012). Unorthodox plasticity of MSCs, however, has recently been described in 
that they have ability to cross oligolineage boundaries, in other words, to trans-
differentiate into nonmesenchymal cells. Several in vitro studies have reported 
that MSCs can be induced to differentiate into neural lineages including neurons, 
astrocytes, oligodendrocytes, microglia, and SCs-like cells (Chen et al. 2006; 
Lu et al. 2008; Munoz-Elias et al. 2003; Sanchez-Ramos et al. 2000; Suzuki 
et al. 2004; Wislet-Gendebien et al. 2005; Woodbury et al. 2000), and specific 
approaches to induce transdifferentiation of rodent or human MSCs toward neu-
ral lineage cells have been established (Dezawa et al. 2001, 2004; Mimura et al. 
2004). On the other hand, in vivo studies have also reported that after implanted 
into the brain, MSCs generate neural phenotypes specific to the injury site (Kocsis 
et al. 2002; Kopen et al. 1999; Lu et al. 2006). These results motivate explorations 
into the possibility of using MSCs as an alternative to SCs for peripheral nerve 
repair (Dezawa 2006). The MSCs are easily obtained through the aspiration of the 
bone marrow and expanded in a large scale by in vitro culture; BMSCs have found 
increasing applications in cell-based therapies for various diseases, including neu-
ral injury and disorders (Horwitz et al. 2002; Fickert et al. 2003; Ortiz et al. 2003; 
Kunter et al. 2006; Lee et al. 2006; Minguell and Erices 2006; Ringden et al. 
2006). Despite the indispensable value of SCs for the construction of TENGs, 
autologous SCs are difficult to obtain in large number, and allogeneic SCs are 
involved in immunological rejections. Therefore, BMSCs have become a promis-
ing alternative to SCs for using as support cells within TENGs, showing consider-
able success in experimental studies (Hu et al. 2013; Ding et al. 2010; Yang et al. 
2011).

MSCs pre-labeled with bromodeoxyuridine (BrdU) were injected into the 
distal stump of transected rat sciatic nerves. Dual immunofluorescence labe-
ling showed that BrdU-reactive MSCs survived in the injected area for at least 
33 days after implantation, and almost 5 % of BrdU cells exhibited Schwann cell-
like phenotype (S-100 immunoreactivity). Walking track test at 18 and 33 days 
after implantation indicated that MSC implantation promoted functional recov-
ery of injured nerves (Cuevas et al. 2002). GFP-labeled undifferentiated MSCs 
were seeded in a Matrigel-containing chitosan NGC to bridge a 5-mm rat sci-
atic nerve gap. After 6 weeks, the growth and myelination of axons and the sci-
atic functional index were significantly improved as compared to MSC-free 
NGC. Moreover, confocal microscopy confirmed that implanted MSCs adopted 
the Schwann cell-like phenotype (Zhang et al. 2005). Transdifferentiated MSCs, 
which had been transformed into Schwann cell-like cells under induction of a 
cocktail of cytokines, were implanted into devitalized muscle conduits for bridg-
ing a 20-mm rat sciatic nerve gap. The examinations at 6 weeks after implanta-
tion indicated that the transplanted MSCs were able to support peripheral nerve 
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regeneration to a certain extent. Although the enhancement of nerve regenera-
tion by MSC-containing NGCs was inferior to that by Schwann cell-containing 
NGCs or by autologous nerve grafts, such deficit in regenerative outcomes could 
be compensated by combining MSCs with muscle-derived allografts (Keilhoff 
et al. 2006a, b). Differentiated MSCs were suspended in Matrigel and transferred 
into hollow fibers, which were implanted across a 10-mm rat sciatic nerve gap. 
After 6 months, significant improvements in motor nerve conduction velocity and 
sciatic functional index were observed in the differentiated MSC-implanted ani-
mals, and GFP labeling clearly showed the trace of implanted MSCs within the 
regenerated nerves (Mimura et al. 2004). In a rhesus monkey model, an acellular 
allogeneic nerve graft seeded with autologous MSCs was implanted into a 10-mm 
radial nerve gap. After 8 weeks, nerve regeneration and functional restoration were 
observed, and the implanted MSCs exhibited Schwann cell-like phenotype as evi-
denced by double immunostaining for S-100 and BrdU (Wang et al. 2008).

The aforementioned observations lead to a transdifferentiation mechanism of 
MSCs, which assumes that the actions of MSCs on nerve regeneration, at least 
in part, stem from their ability to replace damaged neural cells via cellular dif-
ferentiation; however, the mechanisms are also believed to be due to spontaneous 
fusion of MSCs with host cells rather than real transdifferentiation (Weimann et al. 
2003a, b). The exact mechanisms behind the enhanced nerve regeneration in the 
presence of undifferentiated MSCs remain to be elucidated. The undifferentiated 
MSCs may contribute to nerve regeneration possibly by secreting growth factors 
and depositing basal lamina components (Chen et al. 2007; Wang et al. 2009). The 
production of neurotrophic molecules by MSCs can delay cell death and restore 
neural tissues (Borlongan et al. 2004; Chopp and Li 2002; Chopp et al. 2000; 
Crigler et al. 2006; Gu et al. 2010; Hofstetter et al. 2002; Munoz et al. 2005). 
Searching for undescribed mediators generated by MSCs will probably reveal a 
new array of important signaling secreted molecules (Horwitz and Dominici 
2008). These results, together with the finding that local differentiation of MSCs 
is an uncommon event, suggest a new general paradigm for the neural activities 
of MSCs. Systemically infused MSCs exert a therapeutic effect primarily through 
the release of growth factors or other soluble mediators, which act on local even 
distant target tissues. Rather than serving as stem cells to replace neural cells and 
repair nerve tissues, MSCs behave as a small molecular factory secreting growth 
factors or other bioactive molecules to stimulate the reconstruction of nerve tissues 
or to establish a favorable microenvironment for nerve regeneration (Chopp and Li 
2002; Caplan and Dennis 2006; Chen et al. 2002; Liu and Hwang 2005; Neuhuber 
et al. 2005). Some researchers propose that MSCs promote peripheral nerve regen-
eration not only via their direct release of growth factors, but also through indirect 
modulation of cellular behaviors of SCs (Wang et al. 2009). To sum up, the molec-
ular mechanisms that are responsible for the favorable effects of MSCs on periph-
eral nerve regeneration seem to involve many aspects, including cell replacement, 
growth factor production, ECM molecule synthesis, microenvironment construc-
tion, and immune modulation, and they need further exploration.
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Adipose tissue has also been identified as a niche for multipotent stem cells that 
have a phenotypic profile comparable to that of BMSCs and can differentiate into 
a myelinating Schwann cell-like phenotype in culture with lineage-specific stimuli 
(Kingham et al. 2007; Xu et al. 2008). In consequence, adipose-derived mesen-
chymal stem cells (AMSCs), also named adipose-derived stem cells (ADSCs), are 
potentially valuable because of their capability of multilineage differentiation in a 
manner resembling that of BMSCs. Importantly, AMSCs are superior to BMSCs 
in some aspects, such as the convenient harvesting of AMSCs through liposuction, 
a much less invasive method than bone marrow aspiration, and the greater avail-
ability of adipose tissue than bone marrow (Rider et al. 2008). To apply AMSCs 
for neural tissue engineering, many experimental studies in diverse animal mod-
els have been accomplished, in which different neural scaffolds containing either 
undifferentiated or differentiated AMSCs have bridged peripheral nerve gaps of 
different lengths (Yang et al. 2011; Erba et al. 2010; Zhang et al. 2010; di Summa 
et al. 2011; Scholz et al. 2011; Sun et al. 2011; Wei et al. 2011; Gu et al. 2012; 
Orbay et al. 2012; Shen et al. 2012; Tomita et al. 2012, 2013; Carriel et al. 2013; 
Mohammadi et al. 2013; Suganuma et al. 2013). All these studies indicate the 
favorable effects of AMSCs on peripheral nerve reconstruction and open a new 
approach for the use of support cells for constructing TENGs.

10.1.1.2  Embryonic Stem Cells (ESCs)

After peripheral nerve injury, many neurons die of insufficient nutrition. Because 
the number of neurons cannot be easily expanded by in vitro culture, there is a 
big difficulty to apply primary cultured neurons in nerve tissue engineering. ESCs 
have a great potential to proliferate unlimitedly and differentiate into neurons 
under various protocols; hence, they become a good candidate of support cells in 
cell-based therapies for neural injuries and disorders.

ESCs are undifferentiated, pluripotent cells derived from the inner cell mass of 
blastocyst-stage embryos and possess a nearly unlimited capacity for self-renewal 
and an ability to virtually differentiate into any kind of cell type in the body (Jakob 
1984). The differentiation of ESCs can be modulated by the stimulation of growth 
factors (Schuldiner et al. 2000). Retinoic acid (RA) and nerve growth factor have 
been found to be potent enhancers of neuronal differentiation, eliciting extensive 
outgrowth of processes and expression of neuron-specific molecules (Schuldiner 
et al. 2001).

Extensive research has focused on the implantation of ESCs for treating the 
CNS disorders, while the potential of ESC-based therapy for the PNS injuries is 
largely unknown. Based on the assumption that implantation of neuronal cells 
derived from ESCs into denervated muscle would replace lost neurons or non-
neuronal cells and prevent muscle atrophy in a peripheral nerve injury model, 
ESCs were differentiated into cholinergic motor neuron progenitors and labeled 
with florescence, followed by injection into gastrocnemius muscle of rats after 
denervation by ipilateral sciatic nerve transection. The observation showed that 
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motor neuron progenitors prevented muscle atrophy after denervation for a brief 
time (Craff et al. 2007). In another study, ESC-derived neural progenitor cells 
were implanted into a 10-mm rat sciatic nerve gap, resulting in substantial axonal 
regrowth and nerve repair. The implanted cells survived until 3 months and dif-
ferentiated into myelinating cells. Nerve stumps showed nearly normal diameter 
with longitudinally oriented, densely packed Schwann cell-like cell arrangement. 
Electrophysiological recordings confirmed that functional activity recovered 
across the nerve gap (Cui et al. 2008). As reported by Yohn et al. (2008), ESC-
derived motor neurons could form functional synapses with denervated host 
muscle after implantation into transected tibial nerves, thereby attenuating the 
denervation-induced muscle atrophy.

Furthermore, it is believed that neuronal cells derived from ESCs provide new 
choices of support cells for incorporation to neural scaffolds, promoting peripheral 
nerve regeneration.

10.1.1.3  Neural Stem Cells (NSCs)

NSCs are multipotent cells that reside within paramedian generative zones present 
along the entire neuraxis throughout all stages of neural development and also dur-
ing adult life (Gokhan and Mehler 2001). NSCs have the potential to differentiate 
into three major cellular elements of the nervous system, including neurons, astro-
cytes, and oligodendrocytes, and they can proliferate unlimitedly and undergo rapid 
cellular expansion in response to nerve injuries. The properties of NSCs, including 
multipotential differentiation, strong plasticity, high immigration ability, easily isola-
tion and culture in vitro, and low immunogenicity, make NSCs an attractive source 
of support cells for the construction of TENGs (Alessandri et al. 2004). Chitosan 
NGCs seeded with NSCs were used as a tissue-engineered nerve graft to bridge 
10-mm facial nerve gaps in rabbits. Nerve regeneration at 12 weeks after implan-
tation was similar to that by autologous nerve grafting (Guo and Dong 2009). By 
GFP labeling, Hsu et al. (2009) found that 85 % of seeded NSCs were successfully 
aligned on the micropatterned poly (D,L-lactic acid) (PLA) NGC within 72 h, and 
the cells expressed the genes that are related to the production of neurotrophic fac-
tors and thus facilitated nerve repair and functional recovery in a 10-mm rat sciatic 
nerve injury model during a period of 6 weeks. Genetically modified NSCs can 
also serve as a source of neurotrophic factors. NSCs engineered to overexpress glial 
cell line-derived neurotrophic factor, which is known to protect motoneurons, were 
implanted to chronically denervated distal tibial nerve. There was a better regenera-
tion of peroneal axons into tibial nerve with a reduction of chondroitin sulfate pro-
teoglycan immunoreactivity in the ECM (Heine et al. 2004). Implantation of NSC 
overexpressing glial cell line-derived neurotrophic factor could significantly increase 
the nerve action potential amplitude, axonal area, and axonal number, as well as the 
labeling for S-100, NF, and beta III tubulin (Shi et al. 2009). After NSCs transfected 
with neurotrophin-3 or its receptor were incorporated into a PLGA NGC followed 
by 14-day culture, the viable NSCs were widely distributed within the NGC. This 
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construct permitted the NSCs to differentiate toward neurons and to exhibit synaptic 
activities (Xiong et al. 2009).

10.1.1.4  Olfactory Ensheathing Cells (OECs)

Olfactory ensheathing cells (OECs) are neural crest cells which allow growth and 
regrowth of the primary olfactory neurons. Indeed, the primary olfactory system is 
characterized by its ability to give rise to new neurons even in adult animals. This 
particular ability is partly due to the presence of OECs which create a favorable 
microenvironment for neurogenesis (Guerout et al. 2014).

OECs are a unique type of glial cells that wrap olfactory axons and support 
their continual regeneration from the olfactory epithelium to the bulb (Su et al. 
2013). OECs develop from a peripheral origin, the olfactory placode, and retain 
the ability to self-renew and differentiate, and are considered as peripheral nerve 
progenitor cells (Tohill and Terenghi 2004; Fairless and Barnett 2005). OECs that 
share both Schwann cell and astrocytic characteristics have been shown to pro-
mote axonal regeneration after transplantation. The tissue-engineered poly (lactic-
co-glycolic acid) (PLGA) seeded with OECs was verified to improve peripheral 
nerve regeneration in a long sciatic nerve defect (Tan et al. 2013).

OECs have been studied in the context of enhancing repair of peripheral nerve 
by direct transplantation in different peripheral nerve lesion models for enhancement 
of axonal nerve regeneration by providing a scaffold for the regenerating axons as 
well as trophic factors and directional cues (Deumens et al. 2006). OECs are known 
to provide trophic factors conducive to axonal regeneration and survival. They may 
promote endogenous SCs mobilization possibly by a trophic influence (Cao et al. 
2007; Au et al. 2007). Experimental studies performed in rodents show that trans-
plantation of OECs into injured nerve or implantation of OEC-seeded conduits 
leads to an enhancement in axonal regeneration and improved functional outcome 
under some experimental conditions. Axonal dieback of the proximal nerve stump 
is reduced in the OEC transplanted nerves suggesting that the OECs provided early 
trophic support leading to earlier onset of regeneration. This could be critical for 
allowing the regenerating axons to navigate across the injury site before impeding 
scar tissue develops. However, OECs share many properties with SCs such as their 
production of neurotrophic factors and extracellular matrix (ECM) molecules as well 
as their ability to form peripheral myelin. Transplanted identified eGFP-expressing 
OECs integrate into the nerve injury site and remyelinate the regenerated axons, sug-
gesting direct participation of OECs in the repair process (Radtke and Kocsis 2012).

OECs-containing silicone tubes were noted to support an improved axonal 
regeneration in 50 or 79 % of rats with a 15- or 12-mm sciatic nerve injury gap 
(Verdu et al. 1999). Another case showed that bridging of 15-mm nerve gap in 
rat sciatic nerve injury model with muscle-stuffed vein seeded with OECs as a 
 substitute for autologous nerve graft. Neurophysiological recovery, as assessed by 
electrophysiological analysis, was faster in the constructed biological nerve con-
duit compared to that of autologous nerve graft (Lokanathan et al. 2014). Although 
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the therapeutic potential of OECs in peripheral nerve repair is yet far from conclu-
sive, there have been later studies reporting on the treatment of peripheral nerve 
injury by direct injection of OECs to the injured site (Andrews and Stelzner 2004; 
Dombrowski et al. 2006; Radtke et al. 2009; Guerout et al. 2011).

10.1.1.5  Induced Pluripotent Stem (iPS) Cells

Cell source is a major issue for tissue engineering and regenerative medicine. An 
exciting breakthrough in stem cell biology is that adult somatic cells (e.g., skin fibro-
blasts) can be reprogrammed into induced pluripotent stem cells (iPSCs) by the acti-
vation of a limited number of genes (transgenes) such as Oct3/4, Sox2, c-Myc, and 
KLF4 (Takahashi et al. 2007; Park et al. 2008) or Oct3/4, Sox2, Nanog, and Lin28 
(Yu et al. 2007). The iPSCs derived from somatic cells make it possible for patient-
specific cell therapies, which bypass immune rejection issue and ethical concerns 
of deriving and using ESCs as a cell source. The unlimited expansion potential of 
iPSCs also makes them a valuable cell source for tissue engineering. However, to 
use iPSCs as a cell source, many important issues remain to be addressed, such as 
the differences among various iPSC lines in differentiation and expansion and the 
appropriate differentiation stage of the cells for specific tissue engineering appli-
cations. In general, most of iPSC lines, as ESCs, can differentiate into neural crest 
stem cells (NCSCs), although the differentiation efficiency was different. NCSCs 
can differentiate into cell types of all three germ layers and represent a valuable 
model system to investigate the differentiation and therapeutic potential of stem cells 
(Rao and Anderson 1997; Morrison et al. 1999; Crane and Trainor 2006; Lee et al. 
2007; Sauka-Spengler and Bronner-Fraser 2008). The adult cell sources are limited 
by the number of cells that can be obtained and complicated by the need to sacrifice 
additional nerves and tissues. Moreover, there is a lack of efficiency and consistency 
in cell isolation and expansion, which causes variability in therapeutic efficacy. In 
contrast, NCSCs derived from iPSCs can be immune compatible, expandable, and 
well characterized as a valuable cell source for the regeneration of peripheral nerve 
and other tissues (Wang et al. 2011).

Stem cells from sources other than the bone marrow are now getting more 
attention. The gliogenic secondary neurospheres derived from iPS cells have the 
ability to differentiate into SCs. The iPS cells were added to a PLC-based NGC, 
followed by implantation across a sciatic nerve gap in mice, showing regeneration 
of peripheral nerves and functional recovery (Uemura et al. 2012). iPSCs and their 
derivatives are valuable cell sources for tissue engineering.

10.1.1.6  Skin-Derived Precursors (SKPs)

Skin-derived precursors (SKPs) are stem cells found in the dermis (Fernandes 
et al. 2004; Blazejewska et al. 2009). These stem cells persist into adulthood, 
as they can be isolated from adult skin (Toma et al. 2001). In their endogenous 
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environment, the dermis, they instruct hair follicle growth and contribute to main-
taining the dermis and repairing it after injury. One niche where SKPs are found is 
at the base of hair follicles, in the dermal papilla (DP) and surrounding the follicle 
in the dermal sheath (DS) (Fernandes et al. 2004). The DP is the control center 
for hair growth (Jahoda et al. 1984), as such SKPs found in the DP instruct hair 
growth. SKPs can also migrate out of the DP. Upon injury to the dermis, SKPs 
migrate to the site of injury and differentiate into dermal fibroblasts, thereby 
replenishing the interfollicular dermis.

The skin dermis contains neural crest-related precursor cells, and the SKPs can 
be cultured to differentiate into neural crest cell types with the characteristics of 
neurons and SCs in the PNS (Fernandes et al. 2004; McKenzie et al. 2006). Both 
rodent and human SKPs are differentiated into SCs when transplanted into the 
brains of shiverer mice (McKenzie et al. 2006), which have a genetic deficiency in 
MBP and hypomyelination of the CNS (Dupouey et al. 1979). Both whisker pad 
SKPs and dorsal back SKPs differentiate into SCs with similar efficiency (Jinno 
et al. 2010). Of note, dorsal trunk SKPs are somite derived but can still differ-
entiate into SCs, which are neural crest derived during development (Jinno et al. 
2010).

SCs differentiated from SKPs express typical Schwann cell markers and can 
myelinate DRG axons in vitro. When transplanted into rodent models of periph-
eral nerve injury, SKP-SCs are able to myelinate axons in vivo and aid in injury 
repair (McKenzie et al. 2006; Walsh et al. 2009, 2010). The first experiment using 
SKP-SCs transplantation into the PNS used a crush model. Here, the sciatic nerve 
of a mouse was crushed with forceps (but not transected), and SKP-SCs were 
immediately transplanted distal to the crush site. SKP-SCs were able to myeli-
nate the regenerating axons (McKenzie et al. 2006). SKP-SCs can also be used to 
repair transected nerves (Shakhbazau et al. 2014). In an acute model of peripheral 
injury, SKP-SCs were transplanted into an acellular nerve graft and used to bridge 
a 12-mm gap in the sciatic nerve. SKP-SCs promoted axon regeneration, myelina-
tion, and electrophysiological recovery (Walsh et al. 2009).

SKP-SCs were also able to regenerate chronic peripheral nerve injury. More 
motor neurons regenerated into the chronically denervated nerve with SKP-SCs 
transplantation compared with media controls, and these regenerated axons were 
larger. The compound muscle action potential (CMAP) amplitude in the gastroc-
nemius muscle and its muscle weight were larger with SKP-SCs transplanta-
tion, suggesting better muscle reinnervation. The reparative ability of SKP-SCs 
approached that of nerves that were immediately sutured and were not chroni-
cally denervated (Walsh et al. 2010). SKP-SCs therapy also improves behavioral 
recovery after acute, chronic, and nerve graft repair beyond the current standard of 
microsurgical nerve repair (Khuong et al. 2014).

The SKPs with neurotropic function show a full capacity of differentiating into 
SCs and promoting axon regeneration in vivo (Chen et al. 2012). In one study, 
SKPs were injected into neural scaffolds (NGCs) that had been prepared with 
L-lactide–trimethylene carbonate (L-lac/TMC) copolymer or type I collagen, 
respectively, to generate a TENG, which was then used to bridge a 16-mm sciatic 
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nerve gap in rats. The results of the study confirmed the beneficial effects of SKPs 
on nerve regeneration (Marchesi et al. 2007). In another study, porcine SKPs 
were found to induce prominent nerve regeneration in porcine peripheral nerve 
injury sites after SKPs were added to a collagen/fibrin NGC for bridging a 10-mm 
femoral nerve gap in pigs (Park et al. 2012). More studies demonstrated further 
 evidence for the effectiveness of using SKPs as support cells in TENGs (Walsh 
et al. 2009; Chen et al. 2012).

10.1.2  Application Strategy of Stem Cells for Peripheral 
Nerve Regeneration

10.1.2.1  Transplantation of Stem Cells Combined with Scaffolds  
for Repairing Peripheral Nerve Injury

It is reported in a recent study that evaluated the long-term safety of using support 
cells-containing TENGs to repair a 50-mm-long median nerve gap in monkeys in 
terms of the data from blood test, immunological and tumor marker detection, and 
histopathological examination of organs and glands (Hu et al. 2013). They also 
directly transplant MSCs combined with chitosan/PLGA scaffold to successfully 
repair the 50- and 60-mm sciatic nerve gap in dogs (Ding et al. 2010; Xue et al. 
2012), and they developed a new design of TENGs by introducing bone marrow 
mesenchymal stem cells (MSCs) of rats, as support cells, into a silk fibroin (SF)-
based scaffold, which was composed of an SF nerve guidance conduit and oriented 
SF filaments as the conduit lumen filler. The biomaterial SF had been tested to pos-
sess good biocompatibility and noncytoxicity with MSCs before the TENG was 
implanted to bridge a 10-mm-long gap in rat sciatic nerve. Functional and histolog-
ical assessments showed that at 12 weeks after nerve grafting, TENGs yielded an 
improved outcome of nerve regeneration and functional recovery, which was better 
than that achieved by SF scaffolds and close to that achieved by autologous nerve 
grafts. During 1–4 weeks after nerve grafting, MSCs contained in the TENG signifi-
cantly accelerated axonal growth, displaying a positive reaction to S-100 (a Schwann 
cell marker). During 1–3 weeks after nerve grafting, MSCs contained in the TENG 
led to gene expression upregulation of S100 and several growth factors (brain-
derived neurotrophic factor, ciliary neurotrophic factor, and basic fibroblast growth 
factor). The cell behaviors and neurotrophic functions of MSCs might be responsible 
for their promoting effects on peripheral nerve regeneration (Yang et al. 2011).

Several papers showed the xenogeneic or allogenic acellular nerve grafts 
implanted with MSCs promote nerve regeneration effectively in rats or even mon-
keys (Wang et al. 2008; Zhang et al. 2010; Hu et al. 2007; Jia et al. 2012). So far, 
most studies directly implant stem cells together with biomaterials for repairing 
peripheral nerve injury. Other types of stem cells are also mostly implanted in the 
same way as MSCs mentioned above (Guerout et al. 2014; Lokanathan et al. 2014; 
Wang et al. 2011; Uemura et al. 2012; Walsh et al. 2009; Ikeda et al. 2014).
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10.1.2.2  Joint Use of Stem Cells, Cytokines, and Scaffolds  
for Repairing Peripheral Nerve Injury

Upon injury to peripheral nerves, the local presence of growth factors at the injury 
sites plays a vital and complex role in modulating phenotypic changes of a variety 
of neural and nonneural cells. Although the endogenous growth factors secreted by 
neural cells in the distal nerve stump can support axon regeneration, the supportive 
action may not be sustained indefinitely due to an obvious decline with time in 
cellular production of growth factors, and hence, the continuous supply of growth 
factors is critically required, which is mainly dependent on the addition of exog-
enous growth factors. To date, the most commonly used growth factors belong to 
two classes: (1) neurotrophins, including NGF, brain-derived neurotrophic factor 
(BDNF), and neurotrophin-3 (NT-3); and (2) growth factors with neurotrophic 
actions, including glial cell line-derived neurotrophic factor (GDNF), ciliary neu-
rotrophic factor (CNTF), and fibroblast growth factors (FGFs). The details about 
their application for neural tissue engineering are available in review papers (Gu 
et al. 2011; Jiang et al. 2010).

The cell-based delivery of growth factors has been developed. A silicone-based 
NGC seeded with genetically modified SCs overexpressing fibroblast growth 
factor-2 (FGF-2) was used to bridge a 15-mm sciatic nerve gap in adult rats. 
Different FGF isoforms overexpressed by implanted SCs improved both lengths 
and number of regenerating myelinated axons over different time periods post-
grafting (Timmer et al. 2003; Haastert et al. 2008). Likewise, the design of GDNF-
transduced Schwann cell grafts for enhancing regeneration of erectile nerves 
represents the same attempt of cell-based delivery of neurotrophic factors (May 
et al. 2008, 2013). In addition, a combination of iPSc-derived neurospheres and 
basic fibroblast growth factor (bFGF)-containing gelatin microspheres was incor-
porated into a neural scaffold (a synthetic polymer-based, double-layered NGC), 
and the constructed TENG was used to bridge 5-mm-long sciatic nerve gaps in 
mice, achieving regenerative outcomes to some degree (Ikeda et al. 2014). The 
above-mentioned are typical examples of the combined use of support cells and 
growth factors as biochemical cues within TENGs.

MSCs not only enhance functional outcomes of nerve repair through production 
of various growth factors, but also act as gene delivery vehicles of growth factors 
that are released to nerve injury sites for augmenting axonal growth (Lu et al. 2009). 
For example, it has been reported that transduction of MSCs to overexpress a cer-
tain factor, for example, brain-derived neurotrophic factor, could result in significant 
increase in the extent and diversity of axonal growth in the host nerves (Chen et al. 
2005; Lu et al. 2005). Although gene transfer to SCs, MSCs or other stem cells, even 
to nerve tissues usually facilitates a continuous release of growth factors to encour-
age peripheral nerve regeneration, it has also found that lentiviral vector-mediated 
overexpression of glial cell line-derived neurotrophic factor causes trapping of 
regenerating axons and failure of appropriate target reinnervation during nerve 
regeneration in a rat sciatic nerve injury model (Tannemaat et al. 2008). It seems that 
the possible side effects are not negligible in gene-based therapy.
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10.1.2.3  Construction of Tissue-Engineered Nerve Grafts In Vitro  
for Repairing Peripheral Nerve Injury

TENGs are considered as a promising alternative to autologous nerve grafts used 
for peripheral nerve repair. The differences between these two types of nerve 
grafts are mainly in the regenerative microenvironment established by them. To 
construct ideal TENGs, it is therefore required to develop a better way to introduce 
biochemical cues into a neural scaffold, as compared to single or combined use of 
support cells and growth factors.

Tang et al. (2012) have reported that a coculture system of dorsal root ganglia 
(DRGs) and SCs could give rise to an in vitro cultured nerve equivalent that was 
likely to mimic the native nerve microenvironment. Their TENGs consisted of 
an in vitro cultured nerve equivalent residing in a SF-based scaffold were used 
to bridge a 10-mm sciatic nerve defect in rats. At 12 weeks after nerve grafting, 
a series of measurements were performed to evaluate the regenerative capacity 
of these TENGs. The recovery in the motor function of the injured hindlimb in 
TENG group, as indexed by the SFI value, was close to that in autograft group 
without significant difference between each other, and prevailed over that in 
scaffold group. The restoration of electrophysiological properties for 3 grafted 
groups was reflected in detectable CAMP data, which represented an important 
measure for the conduction function of peripheral nerves. The comparison in the 
CMAP amplitude between 3 grafted groups provided further evidence that func-
tional recovery in TENG group was more close to that in autograft group than 
that in scaffold group. Histological analysis showed that either the regenerated 
nerve or target gastrocnemius muscle achieved the similar reconstruction, both 
in qualitative and quantitative aspects, between TENG and autograft groups, 
and these similar results were significantly better than those in scaffold group. 
Their findings suggested that more axons might successfully grow through our 
developed TENG to reach the distal stumps for reinnervation of target muscle. 
In other words, the incorporation of a nerve equivalent into SF-based scaffold 
led to an enhanced repair capacity for peripheral nerve injuries. Successful 
myelination of PNS depends on induction of major protein components of 
myelin including PMP22, and myelin stability is also sensitive to PMP22 levels 
(Wrabetz et al. 2006). The high expressions of N-cadherin and PMP22 meant 
that in their developed nerve equivalent, as in the autologous nerve, dynamic 
interactions between axons and SCs contributed to the establishment of an ideal 
microenvironment for nerve regeneration via the increased expression of several 
bioactive molecules. The introduction of an in vitro cultured nerve equivalent 
into a scaffold might contribute to establishing a native-like microenvironment 
for nerve regeneration.

This culture system in vitro is also the same applies in candidate stem cells of 
the TENG for repairing peripheral nerve injury. The stem cells cocultured with 
DRGs or seeded onto the biomaterial scaffold in vitro for a period of time provide 
chance for cells in TENG to communicate with each other or establish a native-
like microenvironment effectively.
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The rotary bioreactors could influence major cellular events such as differ-
entiation, proliferation, viability, and cell cycle. Introduced by the National 
Aeronautics and Space Administration (NASA) of the USA in 1987, simulate 
microgravity (SMG) cultures seem to be ideal for overcoming some draw-
backs associated with static culturing systems (Vunjak-Novakovic et al. 1999; 
Goodwin et al. 1993). For instance, SMG conditions allow the cells to well pro-
liferate in a rotary cell culture system (RCCS) of microgravity environment but 
at low shear stress and low turbulence environment. SMG culture conditions 
can provide appropriate microenvironments which have proven advantageous 
for intercellular communication on tissue-specific cell assembly, cell adhesion, 
signal transduction, glandular structures, and function (Meyers et al. 2005; 
Goodwin et al. 1993). In addition, when cells are maintained in a 3D growth 
environment, they tend to aggregate. SMG culture can enhance cell–cell inter-
actions and supply such 3D growth microenvironment. So, the aggregating 
growth of cells is an important effect of SMG on some cell lines (Unsworth and 
Lelkes 1998). SMG promoted porcine liver cells to grow into 3D cell aggrega-
tion, which displayed that SMG culture system was suitable for long-term and 
expanding cell culture (Dabos et al. 2001). The dynamic flow of RCCS might 
improve nutrient supply and increase metabolic waste removal for the cells in 
the interior cellular spheres. Thus, comparison with the static culture, rotating 
simulated microgravity culture environment can show better cellular vitality and 
function for some cultivated cells. There is also specific application in the con-
struction of TENG in vitro recently (Luo et al. 2014).

Nowadays, for the construction of neural tissue engineering, it needs to be 
addressed how to obtain adequate and unified standardized conditions to promote 
the peripheral nerve regeneration. A series of problems should be solved before 
wide clinical application of the RCCS in tissue engineering technology.

10.1.2.4  Construction of Acellular Tissue-Engineered Nerve Grafts  
In Vitro for Repairing Peripheral Nerve Injury

The field of stem cells and regenerative medicine offers considerable promise as a 
means of delivering new treatments for a wide range of diseases. In order to maxi-
mize the effectiveness of cell-based therapies—whether stimulating expansion of 
endogenous cells or transplanting cells into patients—it is essential to understand 
the niche signals that regulate stem cell behavior. One of those signals is from the 
ECM. New technologies have offered insights into how stem cells sense signals 
from the ECM and how they respond to these signals at the molecular level, which 
ultimately regulate their fate (Watt and Huck 2013).

To date, however, cellular and molecular therapies directed at peripheral nerve 
repair have not yet gone beyond the laboratory stage, and their translation to the 
clinic has been beset with numerous challenges, such as the type and quantity 
of cells or factors, their delivery, cell viability or factor activity, cell phenotypic 
stability, timing of treatment, regulatory issues, and high costs (McAllister et al. 
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2008; Burdick et al. 2013). Therefore, alternate approaches are being developed to 
substitute an inclusion of support cells or growth factors in a nerve graft.

The ECM is composed of diverse molecules, including proteins, glycoproteins, 
and glycosaminoglycans, produced by the resident cells in tissues or organs. The 
composition and structure of ECM are dependent on the phenotype of the resident 
cells and the function of the tissues or organs. In turn, ECM affects the pheno-
type and behavior of the resident cells (Bissell et al. 1982; Boudreau et al. 1995; 
Ingber 1991). It is clear that ECM contains sufficient biological cues to regulate 
cell phenotype and function in tissues or organs. Based on this knowledge, the 
mimicking of the native ECM of peripheral nerves within a nerve scaffold seems 
to be a promising strategy to replace cellular or molecular components added to 
the scaffold. As an early attempt, nerve scaffolds were prepared with purified indi-
vidual ECM components, such as collagen, fibrin, laminin, fibronectin, and hya-
luronan (Gu et al. 2011; Schmidt and Leach 2003; Deumens et al. 2010; Jiang 
et al. 2010; Khaing and Schmidt 2012). Some of these scaffolds (e.g., NeuraGen®, 
NeuroMatrix™, Neuroflex™, NeuraWrap™, and NeuroMend™) have been com-
mercially available and approved by FDA (Kehoe et al. 2012; Meek and Coert 
2008). Unfortunately, individual ECM components fail to create an extracellular 
environment similar to that in vivo within a scaffold in a comprehensive man-
ner because various ECM components have different functions and any individ-
ual component cannot substitute for the complete ECM (Ravindran et al. 2012). 
Indeed, an ECM scaffold can be engineered by using acellular biomaterials, which 
have been considered a feasible alternative to cellular and/or molecular therapy 
(Khaing and Schmidt 2012; Burdick et al. 2013). Allogeneic and xenogeneic nerve 
(or nonnerve) tissues are treated with chemical or thermal decellularization to pro-
duce a tissue-derived ECM, which represents one of acellular biomaterials suit-
able for preparing nerve scaffolds. The resulting tissue-derived ECM scaffolds, 
commonly called acellular nerve grafts, have been well studied, and some of them 
are of considerable commercial interest with a FDA-approved product on the mar-
ket (e.g., Avance®) (Kehoe et al. 2012). As compared to scaffolds prepared with 
individual ECM components, tissue-derived ECM scaffolds (also called acellu-
lar nerve grafts) have a better ability to retain the basic structure of native nerves 
and promote peripheral nerve regeneration (Whitlock et al. 2009). Mounting evi-
dence indicates that although tissue-derived ECM scaffolds recapitulate biochemi-
cal and biophysical cues intrinsic to tissues (Gilbert et al. 2006; Lu et al. 2011; 
Badylak et al. 2009; Hoshiba et al. 2010; Wolchok and Tresco 2010), they may 
suffer from several drawbacks, including tissue scarcity, host responses, pathogen 
transfer, insufficient mechanical properties, and uncontrollable degradation kinet-
ics (Badylak et al. 2009; Cheng et al. 2009; Liao et al. 2010; Skora et al. 2012). 
In contrast, cultured cell-derived ECM scaffolds have recently attracted attention. 
They are similar to or even better than tissue-derived ECM scaffolds because the 
former excludes pathogen transfer when cultured and expanded under pathogen-
free conditions and maintains the desired geometry and flexibility when reconsti-
tuted with common biomaterials either of synthetic or natural origin (Wolchok and 
Tresco 2010; Lu et al. 2011; Cheng et al. 2009; Narayanan et al. 2009; Volpato 
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et al. 2013). In consequence, cultured cell-derived ECM scaffolds have been used 
in some fields of tissue engineering (Wolchok and Tresco 2010; Liao et al. 2010; 
Lu et al. 2011; Choi et al. 2010). The application of this type of ECM scaffolds, 
however, has not been fully studied in nerve tissue engineering.

As discussed in detail elsewhere (Williams 2008, 2014), these paradigms move 
away from the search for biomaterials and structures that passively allow cells 
to express new ECM; instead, these materials have to be actively involved in the 
delivery of cues to cells. Indeed, it should be borne in mind that a tissue engineer-
ing template should replicate, as far as possible, the niche of those target cells. 
ECM plays a prominent role in establishing and maintaining an ideal microenvi-
ronment for tissue regeneration, and ECM scaffolds are used as a feasible alterna-
tive to cellular and molecular therapy in the fields of tissue engineering. Because 
of their advantages over tissue-derived ECM scaffolds, cultured cell-derived ECM 
scaffolds are beginning to attract attention, but they have been scarcely studied for 
peripheral nerve repair.

10.1.3  Outlook on Stem Cells for Peripheral Nerve 
Regeneration

The research of peripheral nerve regeneration dates back to many years ago, and 
the past century has witnessed the accelerated development in peripheral nerve 
repair strategies, especially a significant progress from early artificial tubular 
NGCs to current TENGs, but clinical applications of state-of-the-art approaches 
are still limited and the relevant functional outcomes are not completely satisfac-
tory, largely depending on many factors including the size and location of injured 
nerves as well as the age of patients. As has been repeatedly indicated by previ-
ous literature (Fields et al. 1989), only a clear and thorough understanding of the 
fundamental events, which occur after nerve injury and during nerve regeneration, 
could result in a medical breakthrough for peripheral nerve repair. The challenges 
and possibilities facing surgical management of peripheral nerve injuries are likely 
to be summarized as two main aspects: (1) survival of the damaged neurons and 
establishment of the microenvironment that facilitates the neurite outgrowth; (2) 
accurate pathfinding that guides axons to their targets for appropriate reinnerva-
tion. Obviously, peripheral nerve regeneration is determined by the large quantity 
and high speed of axonal outgrowth, the remyelination of axons by SCs, and the 
maturity of regenerating nerve fibers. Incorporation of support cells and/or growth 
factors has proven effective for modulating the above cellular behaviors as evi-
denced by a wide range of animal experiments, but it has not come to clinical use 
due to multiple barriers.

Target reinnervation is another pivotal cellular event that predetermines func-
tional recovery following peripheral nerve repair. When a nerve is transected with 
a damage of basal lamina tubes, axonal sprouts are not restrained to their origi-
nal basal lamina tubes and axons become unable to grow faithfully along original 
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pathways to their target regions. The mismatch of regenerated axons to their tar-
gets may contribute, at least in part, to unsatisfactory functional recovery after 
nerve grafting. Further elucidation of the pathfinding mechanisms of axons is 
necessary for developing more efficient methods that will enable nerve regenera-
tion to better mimic natural process of neurogenesis. To conclude, nerve regen-
eration, even in the simpler PNS (as compared to CNS), is also a quite complex 
phenomenon that is, to date, still far from being fully understood. However, with 
the advancement of tissue engineering and regenerative medicine and with an 
accumulated knowledge in the neuroscience field, one can expect that TENGs with 
a close similarity to native nerve tissues, both in structure and function, will be 
eventually developed.

The heterogeneity of the stem cell population could also pose a problem, which 
may be exacerbated if cell manipulation and growth in culture introduce additional 
genomic variants, which may affect normal functioning. Culture systems can add 
heterogeneity to the phenotype and genotype, thus complicating selection criteria 
for transplantation (Bara et al. 2014). Incorrect or incomplete differentiation can 
also be a concern, as in the case of improperly differentiated endothelium from 
transplanted PSCs, which can lead to maladapted fibrosis and affect organ func-
tion (Ginsberg et al. 2012). Although these potential risks can be partly investi-
gated and addressed by transplantation of cells into suitable immunosuppressed 
animals, these models may only approximate the human disease and often do not 
account for the intact human immune system.

Despite the gold standard for peripheral nerve gap repair, autologous nerve 
grafts fail to achieve an entirely satisfactory restoration of function after they are 
implanted. Intended to supplement and replace autologous nerve grafts, TENGs 
should be able to compete with or even surpass autologous nerve grafts in the 
outcomes of nerve regeneration and functional recovery. Therefore, although the 
past several decades have witnessed great advance from the earliest nerve tube 
to the state-of-the-art TENG, neural tissue engineering needs further significant 
progress toward the development of ideal TENGs and their translation to clinical 
applications.

It has to be recognized that many materials have been tested and used for 
TENGs without clear resolution of the optimal structure, a fact by itself which 
indicates that there is much to learn about their performance. We have deline-
ated here the experimental use of various inorganic and indeed metallic materials, 
which go beyond the framework of traditional biomaterials, for neural template 
fabrication. We have also addressed the favorable features of some nanostructured 
neural scaffolds due to their topographical resemblance of natural ECM architec-
ture. This is a key issue in light of the need for the template to replicate the niche 
of the target cells. It is unlikely that conventional materials, including most syn-
thetic polymers, will meet the strict requirements of this cell niche concept; the 
use of decellularized natural tissues and various forms of biopolymers, including 
hydrogel forms of both proteins and polysaccharides, are clearly very important 
here. We have described the incorporation of SKPs and AMSCs (as support cells) 
into neural templates in the construction of TENGs and illustrate newly developed 
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delivery systems for growth factors within them. Certainly, there are still other 
prospective cues that can be integrated within TENGs, such as molecular inflam-
matory mediators (Kiefer et al. 2001; Wang et al. 2012; Camara-Lemarroy et al. 
2010; Tang et al. 2013), bioactive peptides (Schense et al. 2000; Cheng et al. 
2014), and antioxidant reagents (Shen et al. 2007; Wilson et al. 2007). These 
extra cues are ready to demonstrate their promising applications in neural tissue 
engineering.

Although the promise of cell therapy for tissue regeneration is exciting, trou-
blesome details persist, such as cell selection, delivery, viability, and phenotypic 
stability, in addition to timing of treatments, regulatory issues, and high costs 
(McAllister et al. 2008; Mummery et al. 2010). Nowadays, TENGs used in the 
clinic, however, are limited to those composed of a neural scaffold alone without 
any biochemical components due to the presence of various barriers. The con-
struction of an effective TENG should be considered as a complex scientific and 
 engineering problem that involves multifaceted interactions between a diverse 
array of physicochemical and biological cues, which have been and are still being 
elucidated within the constantly updated knowledge of peripheral nerve injury 
and regeneration. The various cues have distinctive effects on the performance of 
TENGs, but it is necessary to understand and implement the orchestration of the 
different cue-induced effects. A considerable number of comparative studies must 
be conducted to decipher. For example, which are more prominent cues, whether 
and how different cues are interrelated to and interfere with each other. Obviously, 
the research on these issues will benefit from an improved insight into the molec-
ular events and mechanisms that underlie peripheral nerve injury and regenera-
tion (Navarro et al. 2007; Raimondo et al. 2011; Napoli et al. 2012; Fricker et al. 
2013). So far, not only animal models that have TENGs achieved good results, 
but clinical trials with TENGs to treat human patients with peripheral nerve injury 
have also met with a certain degree of success (Kehoe et al. 2012; Meek and Coert 
2008; Lin et al. 2013; Rinkel et al. 2013; Zhang et al. 2013). Especially, many 
commercial available products of neural scaffolds have been used in the clinic 
with promising outcomes (Gu et al. 2011; Kehoe et al. 2012; Meek and Coert 
2008).

Although it may be possible to promote the activity of endogenous stem cells 
to enhance tissue repair, it is becoming increasingly clear that as much attention 
needs to be paid to the environment in which the cells reside as to the nature of the 
cells themselves (Watt and Hogan 2000).

The physical niche for any somatic stem cell is composed of two basic com-
ponents: an acellular ECM and local cellular constituents. The molecular com-
ponents of the matrix have a profound effect on the biology of stem cells in 
regulating their quiescence, proliferation, symmetric and asymmetric divisions, 
and fate (Watt and Huck 2013); conversely, stem cells typically produce con-
stituents of their own matrix. The cells found in the niche, such as differentiated 
cells of the tissue, interstitial mesenchymal cells, and cellular components of the 
vasculature, may influence stem cell functionality by direct contact or by locally 
secreted paracrine factors. Despite considerable success of acellular nerve grafts 
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in supporting peripheral nerve regeneration (Khaing and Schmidt 2012; Krekoski 
et al. 2001; Kim et al. 2004), they are still associated with several drawbacks, 
which inspire the emergence of cultured cell-derived ECM scaffolds. The devel-
oped nerve scaffolds might have not these drawbacks because (1) the isolated SCs 
can be in vitro expanded, and even commercially available SC cell lines are also 
used to obtain ECM; (2) SCs can be cultured in a pathogen-free medium; and (3) 
the joint use of SC-derived ECM and natural biomaterials allows our developed 
scaffolds to have robust mechanical properties and exhibit tailored degradation 
profiles. The safety examination indicated that adverse effects, including adverse 
immune responses, were not observed in animals after bridging rat sciatic nerve 
gap with different scaffolds, which provided a necessary basis for the translation 
of our developed scaffolds to the clinic. Targeted activation of endogenous stem 
cells to repair the tissues in which they reside requires an understanding of the 
molecular pathways that normally control stem cell function and how those signals 
might have changed in the setting of injury or disease, perhaps rendering the stem 
cells less responsive to extrinsic cues.

A major challenge for the development of targeted therapeutics to enhance 
endogenous stem cell function is the modeling, in vitro, of the environment that 
sustains the stem cells in a state of reduced responsiveness in vivo. Typically, plat-
ing stem cells in culture induces them to begin dividing and differentiating, thus 
altering the cellular state that would be the therapeutic target (Dimmeler et al. 
2014). To push the translation of stem cell application for peripheral nerve regen-
eration into the clinic, we anticipate that the most appropriate stem cells and other 
biological cues with a close proximity to the regenerative microenvironment of the 
PNS will be developed.
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Abstract Stem cells offer optimal cell sources to generate in vitro cellular models 
for physio/pathological studies and drug screening as well as for cell-based regen-
erative therapy. Despite the great potential for stem-cell-based applications, chal-
lenges including difficulties in efficient in vitro expansion, controlled in vitro tissue 
formation, and effective in vivo regeneration are hindering the pace of their trans-
lation. To overcome these limitations, biomaterials have been used to recreate the 
complex three-dimensional (3D) natural niches for regulation of stem cell behaviors. 
This chapter aims to review the advances in biomaterial-assisted stem cell engineer-
ing in three aspects: (1) two-dimensional (2D) surfaces and 3D hydrogels/scaffolds 
engineered to maintain stemness and sustain self-renewal of stem cells for providing 
reliable cell sources; (2) 3D biomaterials employed to effectively and efficiently dif-
ferentiate stem cells to desired lineages as well as to establish organotypic constructs 
mimicking in vivo organogenesis; and (3) decellularized scaffolds, synthetic scaf-
folds, and hydrogels designed as vehicles for delivering and protecting exogenous 
stem cells or as stimulators for activating endogenous stem cells to repair and regen-
erate injured or diseased tissues. Besides introducing some of the most representa-
tive works in these areas, this chapter also gives special attention to the advances 
made in China. Finally, future perspectives and trends in this field will be discussed 
to highlight the importance of biomaterials in tissue construction and regeneration.
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11.1  Introduction

Stem cells play critical roles in biological understanding of organ and disease 
development. They have great potential in generating disease models for drug 
screening as well as in regenerative medicine for replacing or repairing damaged 
tissues (Main et al. 2014; Mimeault et al. 2007; Nirmalanandhan and Sittampalam 
2009). A cell is classified as a stem cell when it is able to proliferate while main-
taining its undifferentiated state and has the capacity to differentiate into various 
specialized cell types. Depending on their origins, stem cells are generally classi-
fied as embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and 
adult stem cells (Wu and Hothedlinger 2011; Anversa et al. 2013). ESCs are undif-
ferentiated cells derived from the inner mass cells of a human embryo that pos-
sess the ability to differentiate into any lineage of cells (pluripotent) (Jensen et al. 
2009; Keller 2005). Adult stem cells, on the other hand, are a reserve of cells in 
matured bodies that can multiply to repair adult tissues or organs. Such stem cells 
have limited self-renewal ability and more committed cell lineages. However, not 
all organs have been confirmed to have such a reserve of cells (Locke et al. 2011; 
Bianco et al. 2013). iPSCs were only discovered in the last decade and are pro-
duced by reprogramming adult cells to pluripotent stem cells with external intro-
duction of four specific genes (Wu and Hothedlinger 2011). Due to the relative 
availability of supplies (such as bone marrow and adipose tissue) and lack of ethi-
cal issues, adult stem cells are currently the most commonly used cell source in 
regenerative medicine.

Challenges for successful translation of stem cell technologies to biomedical 
applications include expansion of cells in vitro without losing stemness, controlled 
differentiation into desired lineages with high efficiency and efficacy, and achiev-
ing desired performance after transplantation into a foreign tissue environment 
for effective and safe therapy (Fuchs et al. 2004). A steady and reliable source of 
cells retaining their pluripotency is the prerequisite for any cell-based application; 
hence, it is desirable for the limited stem cells obtained from various origins to be 
reproducibly expanded in large-scale in vitro. Complete or controlled differentia-
tion of stem cells is another essential requirement for favorable outcomes in appli-
cations, as undesired proliferation or cell types will result in tumors, decreased 
therapeutic effects, or unreliable in vitro models (Toh et al. 2010). Upon transplan-
tation into the damaged tissues for repair, stem cells or their derivatives need to be 
able to perform as anticipated, but without undesirable side effects, for effective 
cell-based therapy.

To meet these requirements, it is essential to understand how stem cells usu-
ally behave and develop in their natural microenvironment, the so-called stem cell 
niche. (Fuchs et al. 2004). A stem cell niche is usually a complex three-dimen-
sional (3D) microenvironment containing extracellular matrix (ECM), soluble 
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factors, and supporting cells. ECM is secreted and remodeled by resident cells, 
and some common ECMs are collagen, laminin, fibronectin, and polysaccarides 
[e.g., hyaluronic acid (HA)]. These components provide binding motifs, mostly 
specific peptide sequences, which interact with integrins on cell membranes. 
Recent studies have revealed that ECM is not merely a collection of adhesion sites 
for cell attachment and migration, but the binding is specific to different recep-
tors on different cell membranes. ECM also provides binding domains for several 
growth factors such as fibroblast growth factor (FGF), vascular endothelial growth 
factor (VEGF), and hepatic growth factor (HGF) (Crapo et al. 2011; Gilbert et al. 
2006; Freytes et al. 2004; Gilbert et al. 2005). Thus, this chapter aims to review 
the engineering efforts made in biomaterials to exploit such biochemical and bio-
physical factors to regulate stem cell behaviors, especially in in vitro expansion of 
stem cells, in vitro 3D tissue construction, and in vivo tissue regeneration.

Current advances in techniques to expand stem cells either involve 2D bio-
mimetic materials or 3D hydrogels and scaffolds to reduce loss of stemness. 
Efficiency and efficacy of in vitro differentiation are also enhanced when 3D 
hydrogels and scaffolds are used for culture and lineage induction. Besides cell 
level phenotypic improvements, researchers have also mimicked in vivo condi-
tions to construct 3D organ-like tissues ex vivo with the aid of suitable biomate-
rials. Hydrogels or scaffolds are further applied to tissue regeneration in vivo to 
deliver stem cells, protect them from attack by host immune system, or activate 
endogenous stem cells to repair and regenerate injured or diseased organs. As 
there has been much research in this field, this chapter will not be exhaustive in 
its examples but will only provide some of the most representative works, with 
special focus given to advances made in China. Due to its promising potential in 
biomedical and regenerative medical applications, the future prospects of stem cell 
technologies and engineering will also be discussed.

11.2  Biomaterials for Stem Cell Expansion

In order to expand stem cells without losing their stemness and harvest enough 
cell source, many methods have been developed to control stem cell fate. In tra-
ditional 2D cell culture in vitro, soluble factors in the culture medium are very 
important. Soluble factors are cell-secreted molecules recruited for stimulating 
cellular growth, expansion, and differentiation. Soluble factors are commonly 
used as supplements in basal culture medium for controlling stem cells fate. The 
use of feeder cells such as mouse embryonic fibroblast (MEF) for human pluri-
potent stem cells (hPSCs) and mouse embryonic fibroblast cell line (STO) for 
hepatoblast-like cells (HBCs) is also a common method for maintaining stemness 
in traditional biology research. Co-culturing ESCs with supporting cells recapit-
ulates key features of the natural stem cell niche, which usually contains multi-
ple cell types. Co-culture systems can promote the differentiation of ESCs via a 
paracrine signaling pathway, where inductive factors are continuously secreted by 
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supporting cells (Duester 2008). Besides traditional methods, engineering systems 
are widely used in biology research in current years, and greatly assisted tradi-
tional scientific research. In this part, we will focus on engineering methods for 
optimizing cell niche to maintain stemness of stem cells in both 2D and 3D cell 
culture, thereby providing reliable cell sources.

11.2.1  Biomaterial-Assisted Stem Cell Expansion in 2D

Both biochemical and biophysical cues can be provided by biomaterials in 2D cell 
culture, for instance, coating with biomaterials to mimic ECM components, stiff-
ness, and topology. It has been demonstrated that the stiffness of 2D substrate has 
an effect on stem cell adhesion and cytoskeleton assembly (Georges and Janmey 
1985). The effect of substrate properties such as chemical constitution, ECM 
stiffness, and topology on stem cell behaviors has received extensive attention, 
especially for adult stem cells. Several research groups have reported that mes-
enchymal stem cells (MSCs) can sense the stiffness of substrates and differenti-
ate into various downstream lineages, and the underlying mechanisms have been 
extensively explored (Engler et al. 2006; Park et al. 2011; Khetan et al. 2013; 
Huebsch et al. 2010).

Previous studies have shown that maintenance of undifferentiated human 
ESCs (hESCs) requires culture on MEF feeders. In 2001, Xu et al. first estab-
lished a feeder-free system of hESC culture and published the findings in Nature 
Biotechnology. In this system, hESCs are cultured on Matrigel or laminin in 
medium conditioned by MEF. Through this process, undifferentiated cells can be 
maintained for at least 130 passages (Xu et al. 2001). The establishment of self-
renewing HBCs from hPSCs would realize a stable supply of HBCs for medical 
applications. Takayama et al. established a system of long-term self-renewal of 
human ES/iPS-derived HBCs on human laminin 111-coated dishes. When cul-
tured on the laminin 111-coated dishes, hPSC-derived HBCs were maintained for 
more than 3 months and had the ability to differentiate into both hepatocyte-like 
cells and cholangiocyte-like cells (Takayama et al. 2013). Lee et al. revealed that 
polyethylene terephthalate (PET) with optimal stiffness (0.345 GPa) could inhibit 
hESC differentiation and promote maintenance of hESC self-renewal. No expres-
sion of ectoderm, mesoderm, or endoderm markers, which indicated a loss of 
stemness, was observed in hESCs cultured on a PET substrate with this stiffness. 
In addition, Rho/ROCK signaling pathway, one of the ECM stiffness-based signal-
ing pathways, was down-regulated when cells were cultured on such material (Lee 
et al. 2011). In 2010, Gilbert et al. published their work titled Substrate Elasticity 
Regulates Skeletal Muscle Stem Cell Self-Renewal in Culture on Science (Gilbert 
et al. 2010). Muscle stem cells (MuSCs) exhibit robust regenerative capacity in 
vivo that is rapidly lost in traditional culture. MuSCs cultured on soft hydrogel 
substrates, mimicking the elasticity of muscle (12 kPa), self-renew in vitro and 
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contribute extensively to muscle regeneration when subsequently transplanted into 
mice (Gilbert et al. 2010).

Tissue surface is usually not smooth or flattened but covered with grooves, 
ridges, pits, and pores (Chai and Leong 2007), hence topographical features of 
the substrate are also key in regulating stem cell fate. Mian Long and his group 
of Chinese scientists focus on biomaterial-assisted stem cell fate control, and in 
2014, they achieved differential regulation of morphology and stemness of mouse 
ESCs (mESCs) by controlling substrate stiffness and topography. In their work, 
mESCs are able to grow effectively on both polystyrene and polyacrylamide sub-
strates in the absence of feeder cells. They found that mESCs formed relatively 
flattened colony on substrates with grooves or square pillars but formed spheroid 
colony on substrate with hexagonal projections. These cells also formed 3D struc-
ture when cultured on substrates with either grooves or hexagonal projections. 
Their work demonstrated that topography is a critical factor for manipulating 
stemness and furthered the understanding of stem cell morphology and stemness 
in a microenvironment that mimics physiological conditions (Lu et al. 2014).

11.2.2  Biomaterial-Assisted Stem Cell Expansion in 3D

In parallel with 2D biomaterial-assisted stem cell niches for cell expansion, 
numerous 3D hydrogels/scaffolds of synthetic or natural origin with designated 
properties such as minimized cytotoxicity, good biocompatibility, defined porosity, 
appropriate pore sizes, and suitable interconnectivity are under development for 
cell culture. These are expected to greatly assist stem cell fate regulation and some 
noteworthy examples are summarized below.

In 2010, Li et al. established a system of self-renewing hESCs in 3D porous 
scaffolds comprising of chitosan and alginate, without the use of feeder cells or 
conditioned medium. They assessed the pluripotency of the renewed hESCs both 
in vitro, by evaluation of cellular proliferation, functionality, and gene activities 
for 21 days; and in vivo, by implantation of the stem cell populated scaffolds in 
an immunodeficient mouse model to induce teratoma formation (Fig. 11.1a) (Li 
et al. 2010). Lee et al. achieved long-term maintenance of mESC pluripotency by 
manipulating integrin signaling within 3D scaffolds without activating Stat3 by 
the traditionally used exogenous chemical factor, leukemia inhibitory factor (LIF). 
It was proposed that the 3D environment formed using hydrogel scaffolds could 
provide specific integrin ligation that could mimic the effect of LIF in a LIF-free 
medium (Lee et al. 2012). In 2013, Huch et al. published their excellent work 
about In vitro expansion of single Lgr5+ liver stem cells induced by Wnt-driven 
regeneration in Nature. Their work used Matrigel to assist Lgr5+ liver stem cells 
to assemble into 3D spheroids while maintaining their bipotential differentiation 
ability (Fig. 11.1b) (Huch et al. 2013). In the same year, Chinese scientists led 
by Jianwu Dai published their work on maintenance of self-renewal properties of 
neural progenitor cells (NPCs) cultured in 3D collagen scaffolds by controlling the 
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REDD1-mTOR signal pathway. In their work, sponge-like collagen scaffolds were 
used to assess how 3D culture would affect the differentiation and self-renewal of 
NPCs. Cultured in differentiation medium without growth factors, cells in 3D col-
lagen scaffolds yielded much higher colony formation efficiency and expressed 

Fig. 11.1  Biomaterial-assisted stem cell engineering for cell expansion in 3D. a In vitro assess-
ment of pluripotency of hESCs in chitosan–alginate (CA) scaffolds (with hESCs grown on 
human fibroblast feeder cells layers as controls). SEM image and immuneostaining of SSEA4 to 
illustrate cell morphology as well as gene activity of hESCs cultured in CA scaffolds for 21 days, 
assessed by RT-PCR (Li et al. 2010). b In vitro expansion of single Lgr5+ cells from adult liver 
tissue. Lgr5-lacZ mice were injected intraperitoneal with corn oil or CCl4. Sorted isolated Lgr5-
LacZ+ cells were cultured at a ratio of one single Lgr5-LacZ+ cell per well (Huch et al. 2013). 
c Maintenance of the self-renewal properties of neural progenitor cells (NPCs) in 3D scaffolds. 
The inhibitory basic helix-loop-helix (bHLH, important transcription factors for NPCs cell fate) 
was overexpressed by NPCs in 3D collagen scaffolds. The expressions of inhibitory bHLH fac-
tors (Id1, Id3, Hes1, and Hes5) of NPCs in 3D collagen scaffolds were higher than those on 
2D plates. The result is presented by fold change relative to the mRNA level of 2D PDL group. 
*p < 0.05, **p < 0.01, ***p < 0.001 (Han et al. 2013). (Images reproduced with permission)
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less neuron marker, TUJ1, indicating higher stemness maintenance, compared 
with cells cultured on 2D plates. It was found that cells cultured in 3D conditions 
expressed higher level of REDD1, which inhibited mTOR. mTOR inactivation 
was shown to support the self-renewal of NPCs in 3D culture. Knocking-down 
REDD1 induced the differentiation of NPCs in 3D collagen scaffolds (Fig. 11.1c) 
(Han et al. 2013).

11.3  Biomaterials for 3D Tissue Construction in Vitro

During embryonic development, the differentiation of embryo into the three germ 
layers and determined lineages is tightly regulated by cell–matrix and cell–cell 
interactions with high spatial and temporal precision. To mimic the 3D archi-
tecture and biological role of ECM, there is an increasing interest in developing 
engineering approaches that enable modulation of the behaviors of stem cells 
(Kraehenbuehl et al. 2011).

It is proposed that hPSCs and adult stem cells (e.g. MSCs, liver progenitor stem 
cells) can be regulated by controlling the 3D microenvironment. This approach is 
based on the premise that cellular responses to environmental factors are predict-
able (Burdick and Vunjak-Novakovic 2009), and that 3D culture models could per-
mit recapitulation of development in vitro to a degree of complexity which is not 
achievable in 2D culture systems (Kraehenbuehl et al. 2011). There are emerging 
trends to utilize 3D microenvironments as stem cell niches to direct stem cell dif-
ferentiation toward a particular cell type or even to utilize cell self-organization to 
realize organogenesis in vitro. Herein, we highlight some of the latest advances on 
stem cell differentiation and tissue formation in two aspects, namely (1) control-
ling stem cell differentiation in 3D microenvironment and (2) biomaterial-assisted 
organogenesis.

11.3.1  Controlling Stem Cell Differentiation  
in 3D Microenvironment

Hydrogels can encompass biological functional entities such as cells, tissues, 
organs, or entire organisms in 3D culture and can closely mimic natural tissues 
with their soft and rubbery consistency (Lieleg and Ribbeck 2011). Gerecht et al. 
synthesized photopolymerized methacrylated hyaluronic acid (HA) hydrogels for 
cultivation of hESCs in a 3D configuration to examine the function of HA as an 
engineered stem cell microenvironment. When encapsulated in HA hydrogel disks 
and cultured in MEF-conditioned medium, hESCs retained their undifferentiated 
state, normal karyotype, and pluripotency. ESC differentiation could be induced 
in situ within the same hydrogel simply by altering to endothelial growth medium 
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supplemented with VEGF (Gerecht et al. 2007). Chayosumrit et al. established 
a 3D model to culture and induce hESC differentiation by encapsulating cells in 
calcium alginate microcapsules. This work showed that microcapsules could sup-
port the differentiation of hESCs into definitive endoderm in 3D and could have 
potential application for immune isolation and prevention of teratoma formation of 
hESCs during transplantation in vivo (Chayosumrit et al. 2010).

A paper in PNAS in 2014 by Dixon et al. demonstrated a novel hybrid hydrogel 
that could switch hPSC fate from self-renewal to differentiation. In this paper, they 
addressed the dual need of differentiation and renewal by developing a hydrogel-
based material that uses ionic de-cross-linking to remove a self-renewal permissive 
hydrogel (alginate), leaving behind a differentiation-permissive microenvironment 
(collagen). Adjusting the timing of this switch could preferentially steer hPSC 
differentiation to mimic lineage commitment during gastrulation to ectoderm 
(early switch) or mesoderm/endoderm (late switch). They showed that directing 
early lineage specification using this single system could promote cardiogenesis 
in high-density cell populations. This work has a potential application of facilitat-
ing regenerative medicine by allowing in situ hPSC expansion to be coupled with 
early lineage specification within defined tissue geometries (Dixon et al. 2014).

3D scaffolds have also been widely applied in tissue engineering as a special 
microenvironment for cell growth and fate decision (Schussler et al. 2010). In 
recent years, excellent works about controlling stem cell differentiation in scaf-
folds have been published, and Chinese scientists contributed greatly to these 
fields.

A paper by Changyong Wang in China in 2014 showed the promotion of car-
diac differentiation of brown adipose-derived stem cells (BADSCs) by chitosan 
hydrogel for repair after myocardial infarction. In their work, the group explored 
an injectable tissue engineering strategy to repair damaged myocardium, in which 
chitosan hydrogels were investigated as a carrier for BADSCs. In vitro, the effect 
and mechanism of chitosan components on the cardiac differentiation of BADSCs 
had also been investigated (Wang et al. 2014). Collaboration between Jianwu Dai’s 
and Ruxiang Xu’s groups resulted in an in vitro system for accelerated prolifera-
tion of neural stem/progenitor cells (NS/PCs) in collagen sponges immobilized 
with engineered basic fibroblast growth factor (bFGF) for nervous system tissue 
engineering. They showed that this natural biological neural scaffold consisting 
of collagen sponges, engineered bFGF, and NS/PCs works as an effective carrier 
for NS/PCs, and that neural reconstruction was not only contributed by the pro-
liferating cells but also directly by the engineered bFGF retained in the scaffolds. 
The two aspects of these neural scaffolds produced synergistic effects and repre-
sent a promising candidate for nervous system repair (Ma et al. 2014). Guoqiang 
Chen’s group in China focus on the effects of polyhydroxyalkanoates (PHA) and 
other related biomaterials on stem cell fate regulation. In their work on microRNA 
regulation-associated chondrogenesis of mouse MSCs grown on PHA, they found 
that PHA produced by microorganisms, including poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) (PHBHHx), induced chondrogenesis of MSCs, preserved 
chondrocytic phenotype, and supported chondrocyte-specific ECM secretion. This 
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was the first time that cell–matrix interaction was shown to mediate microRNA-
associated regulation of stem cell differentiation (Yan et al. 2011).

11.3.2  Biomaterial-Assisted Organogenesis

From the above, it is obvious that over the past decade, scientists have developed 
many excellent protocols to achieve high differentiation efficiency and obtain 
homogeneous cell populations. These homogeneous cell populations resulting 
from the high differentiation efficiency can provide great cell sources for drug 
screening and regenerative medicine in vitro, but they lack complete functions 
as found in in vivo. Recently, scientists have focused on a new area of stem cell 
research—the spatiotemporal control of dynamic cellular interactions—to initiate 
organogenesis in vitro and develop functional mini-organs. Organogenesis shows 
great potential in tissue engineering and opens a new avenue for next-generation 
regenerative medicine.

Knowledge of the principles by which organ architecture develops through 
complex collective cell behaviors is very limited. The behavior of stem cells, when 
they work collectively, can be much more sophisticated than one might expect 
from their individual programming. Self-organization is the spontaneous forma-
tion of ordered patterns and structures from a population of elements (or individ-
uals) that have no or minimal pattern (Babloyantz and Kaczmarek 1979; Isaeva 
2012; Saetzler et al. 2011). Self-organization refers to situations in which an inter-
nal system is composed of definable elements that lack pre-patterns and can be 
conceptually distinguished from an external system (Sasai 2013).

In 3D self-organizing culture, progenitors induced by differentiation conditions 
(e.g., liver bud induction and retinal positional information) undergo multiple cel-
lular interactions. These local interactions build up to emergent collective behav-
iors, leading to self-organization of complex structures (Sasai 2013). In this part, 
we will cover recent studies of in vitro tissue formation from stem cells using 3D 
culture.

Recent works have shown that the complex shapes of tissues such as the intes-
tinal organoids, optic cups, inner ear sensory epithelia, and liver bud form by 
self-organization in vitro from a homogeneous population of stem cells. In this 
process, scientists used Matrigel as an assisting biomaterial to help stem cells self-
organize into 3D functional micro-tissues.

In 2011, Spence et al. established a robust and efficient process to direct the 
differentiation of hPSCs into intestinal tissue in vitro using a temporal series of 
growth factor manipulations to mimic embryonic intestinal development. Their 
work used Matrigel to assist formation of 3D intestinal “organoids” consisting 
of a polarized, columnar epithelium that was patterned into villus-like structures 
and crypt-like proliferative zones that expressed intestinal stem cell markers. The 
epithelium contained functional enterocytes, as well as goblet, Paneth, and enter-
oendocrine cells (Fig. 11.2a) (Spence et al. 2011). Nakano et al. published their 
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work in 2012 about the self-formation of optic cups and storable stratified neural 
retina from hESCs. They demonstrated that an optic cup structure could be formed 
by self-organization in Matrigel. hESC-derived neural retina self-assembled into 
multilayered tissue containing both rods and cones and they showed that an opti-
mized vitrification method enabled en bloc cryopreservation of stratified neural 
retina of human origin (Fig. 11.2b) (Nakano et al. 2012). In 2013, Koehler et al. 
successfully generated inner ear sensory epithelia from PSCs in 3D culture, also 
using Matrigel. They reported the stepwise differentiation of inner ear sensory 
epithelia from mESCs in 3D culture and showed that by recapitulating in vivo 
development with precise temporal control of signaling pathways, ESC aggre-
gates transform sequentially into non-neural, pre-placodal, and otic-placode-like 
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epithelia. Moreover, these stem-cell-derived hair cells exhibit functional properties 
of native mechano-sensitive hair cells and form specialized synapses with sensory 
neurons that had also arisen from ESCs in the culture. They also demonstrated that 
the apparent otic placodes gave rise to vesicles containing pro-sensory cells which 
are structurally and biochemically comparable to developing vestibular end organs 
(Fig. 11.2c) (Koehler et al. 2013).

Liver cells derived from human iPSCs and cultured with developmentally 
important progenitor cells can self-organize into functional, three-dimensional 
liver buds, according to a research published in Nature in 2013 by Takebe et al. 
(2013). The liver buds exhibited metabolisms resembling, in some aspects, that of 
human livers and, when transplanted into mice, connected with the host circula-
tory system. Co-culture systems recapitulate key features of the natural stem cell 
niche, which usually contains multiple cell types. Matrigel is an appropriate bio-
material which can help the co-cultured cells self-organize into 3D liver buds. 
Takebe and his colleagues cultured human hepatocytes derived from iPSCs with 
human umbilical vein endothelial cells and human MSCs, two other develop-
mentally important cell types, to recapitulate liver development. Within 48 h of 
combining these three cell types, the mass of liver cells self-organized into three-
dimensional clusters and formed blood vessels (Fig. 11.2d). Immunostaining and 
gene-expression analyses revealed a resemblance between in vitro grown iPSC 
derived LBs (iPSC-LBs) and in vivo liver buds (Fig. 11.2d). Vasculatures in iPSC-
LB transplants became functional by connecting to the host vessels within 48 h. 
The formation of functional vasculatures stimulated the maturation of iPSC-LBs 
into tissue resembling the adult liver. Microarray analyses of 83 genes known to 
be active during liver development also revealed that gene expression in the iPSC-
derived liver buds was more similar to human fetal liver tissue than that of iPSC-
derived hepatocytes created by other groups (Fig. 11.2d) (Takebe et al. 2013).

Fig. 11.2  Biomaterial-assisted organogenesis. a Human ESCs and iPSCs form 3D intestine-like 
organoids—a time course shows that intestinal organoids formed highly convoluted epithelial 
structures surrounded by mesenchyme after 13 days and electron micrograph showing an entero-
cyte cell with a characteristic brush border with microvilli (inset) and epithelial uptake of the 
fluorescently labeled dipeptide d-Ala-Lys-AMCA (arrowheads) indicating a functional peptide 
transport system (Spence et al. 2011). b Retinal epithelia in 3D hESC culture—immunostain-
ing of the day-26 optic cup (Rx::venus+: green) for phospho-MLC2 (pMLC2: red). In the optic 
cup, pMLC2 was strongly accumulated on the apical side of the RPE, but not substantially 
observed in the NR (Nakano et al. 2012). c Non-neural and pre-placodal ectoderm induction in 
3D culture. Whole-mount immunofluorescence for Myo7a and Sox2 and 3D reconstruction of a 
vesicle in a day 20 BMP/SB-FGF/LDN aggregate. Transmission electron micrograph (TEM) of 
stereocilia bundles and kinocilium (arrow). Representative voltage–current responses recorded 
from hair cells (Koehler et al. 2013). d Generation of human liver buds from human iPSCs. Self-
organization of three-dimensional human iPSC-liver buds in co-cultures of human iPSC-hepatic 
endoderm cells with Human umbilical vein endothelial cells (HUVECs) and human MSCs; Com-
parison of liver developmental gene signatures among human iPSC-liver buds, human fetal cell-
derived liver buds, human adult liver tissue (ALT), and mouse liver tissue (LT) of various devel-
opmental stages (from E9.5 to 8 weeks after birth) (Takebe et al. 2013). e Morphological change 
of hESCs during differentiation as 2D format on TCP (arrows indicating uncontrollable cellular 
overgrowth) and morphological change of cells in the micro-wells resulting in uniform multilay-
ered colonies. Scale bar, 200 μm (Yao et al. 2014). (Images reproduced with permission)
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Recently, hepatic differentiation of hESCs in 3D configuration with bet-
ter mimicry of embryonic liver development represents incremental efforts to 
improve differentiation efficiency and hepatic maturation. Chinese scientists in 
Yanan Du’s group have developed off-the-shelf micro-stencil arrays which read-
ily fit into commercial multi-well culture plates to generate adherent multilayered 
colonies composed of hESC-derived cells subjected to hepatic lineage differ-
entiation. Uninterrupted cellular differentiation and proliferation was achieved 
within 17 days to recapitulate the continuous and multi-stage liver development. 
The multilayered colonies as novel 3D configuration for hepatic differentiation of 
hESCs represent a significant step toward efficient generation of functional hepat-
ocytes for regenerative medicine and drug discovery. The off-the-shelf micro-
stencil arrays platform is a potential system to achieve organogenesis and produce 
organ-on-a-chip in vitro (Fig. 11.2e) (Yao et al. 2014).

All the above examples are excellent works on in vitro organogenesis assisted 
by biomaterials and represent new hopes and opportunities for regenerative 
medicine.

11.4  Biomaterial-Assisted Tissue Regeneration

The tremendous advancements in tissue construction in vitro introduced in the 
above sections provide a great basis for regenerative medicine and stem-cell-
based therapy (Fu 2014). Tissue engineering has been envisioned to be a prom-
ising alternative to organ transplantation that potentially offers effective method 
to cure many severe end-stage diseases. Organ transplantation, as commonly 
known, is greatly restricted by the shortage of organ source (Soto-Gutierrez et al. 
2012; Matesanz 2012). Like the rest of the world, China faces the same crisis in 
the shortage of transplantable tissues and organs, especially liver, heart, kidney, 
and spinal cord. The waiting list is long and sometimes patients wait in vain and 
never get the necessary life-saving transplant (Fu 2014). Over the past 20 years, 
tremendous efforts and progress have been made in regenerative medicine and tis-
sue engineering (Fu 2014). Cell-based therapy may be used to slowdown disease 
progression, giving patients more time to wait for suitable organs for transplanta-
tion (Matesanz 2012).

Cell transplantation therapy has shown excellent therapeutic effects in animal 
experiments, e.g., transplantation of MSCs to treat acute and chronic liver dis-
eases (Meier et al. 2013). Types of cells selected for therapy depend on the dis-
ease to be treated. Among them, stem cells have attracted great attentions due to 
their inherent advantages in the ability to differentiate into different cell types and 
to secrete nutrients. Such stem cells could be isolated from a variety of sources, 
such as embryos, umbilical cord, and adult tissue (Dawson et al. 2008). Stem 
cells are conventionally injected into recipients directly or pre-differentiated into 
desired cell types in vitro prior to transplantation. However, the challenge of such 
therapy is that a large number of transplanted cells would die within a few days 
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after transplantation due to lack of blood perfusion, inflammation, leakage from 
injection site, and anoikis. These factors result in low cell retention and engraft-
ment at diseased sites and hence greatly impair the efficacy of stem cell therapy 
(Wang et al. 2010; Robey et al. 2008; Yu et al. 2010). For example, only 11 and 
0.6 % of an intra-myocardially injected MSC suspension were retained in rat 
or porcine heart after 90 min and 24 h, respectively (Yu et al. 2010; Hou et al. 
2005). Such observations were also made in clinical trials (Blocklet et al. 2006; 
Hofmann et al. 2005). Regardless of transplantation method or cell type, it is 
reported that the immediate retention of cells in saline/media is less than 10 % 
(Terrovitis et al. 2009). To overcome such barriers in translating cell therapy to 
clinical applications, various biomaterials have been investigated to improve sur-
vival rates and functions of transplanted cells in vivo, either by protecting them 
from being washed away by high blood flow or from immune attacks (Roche et al. 
2014). Numerous biomaterials such as collagen, gelatin, silk, alginate, hyaluronic 
acid, fibrin, and PLGA have been fabricated into porous scaffolds or hydrogels to 
deliver cells via transplantation or injection with syringes to target sites or protect 
them from lymphocytes and immunoglobulins (Venugopal et al. 2012). Taking the 
advantages of stem cells, biomaterial-assisted cell therapy has been used to pro-
vide support for, and in some cases even completely substitute, the failed organs.

11.4.1  Biomaterials for Stem Cell Retention

In order to prevent transplanted cells from being washed away by blood flow, bio-
materials have been developed to retain transplanted cells at target sites, thereby 
improving cell survival rate and treatment efficacy. Naturally derived scaffolds and 
synthetic hydrogels and/or scaffolds are two main types of materials used for cell 
transplantation.

11.4.1.1  Naturally Derived Scaffolds

Whole organ decellularization is a major technique to generate scaffolds with 
obvious advantages of retaining natural structures and intact vascular system 
(Gilbert et al. 2006). It also keeps ECM intact which can provide suitable physi-
cal (e.g., cell adhesion) and physiological (e.g., oxygen and nutrient) conditions 
for seeded cells (Crapo et al. 2011). Because ECM is biocompatible and biode-
gradable, decellularized scaffold is a highly suitable and optimal scaffold for in 
vivo transplantation into a multitude of organs such as urinary bladder (Freytes 
et al. 2004; Gilbert et al. 2005; Rosario et al. 2008), skin (Chen et al. 2004), heart 
(Bader et al. 1998; Booth et al. 2002; Kasimir et al. 2003), lung (Price et al. 2010; 
Daly et al. 2012), tendon (Cartmell and Dunn 2000), blood vessels (Conklin et al. 
2002; Dahl et al. 2003; Uchimura et al. 2003), nerves (Hudson et al. 2004; Kim 
et al. 2004), skeletal muscle (Borschel et al. 2004), ligaments (Woods and Gratzer 
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2005), small intestinal submucosa (Badylak et al. 1989, 1995; Wang et al. 2003), 
and liver (Lin et al. 2004). Such scaffolds promote cell survival as seeded cells 
are in a niche similar to that in vivo, hence repopulated decellularized scaffolds 
can act as a functional organ graft for transplantation and a bioreactor for three-
dimensional cell culture (Crapo et al. 2011). Efficient engraftment and effective 
therapy have been achieved in several studies based on animals, some of which 
include treatments for damaged bladder (Yoo et al. 1998), skin (Schechner et al. 
2003), heart (Ott et al. 2008; Wainwright et al. 2010), and lung (Cortiella et al. 
2010; Petersen et al. 2010).

In 2008, two groups realized whole-heart decellularization for the first time 
by perfusing detergents via the coronaries in rat and porcine (Fig. 11.3a) (Ott 
et al. 2008). These decellularized hearts were reported to retain ECM, a perfus-
able vascular system, and intact chamber geometry, which maintained functional 
contraction and electrical stimulation of the seeded cardiac or endothelial cells 

Fig. 11.3  Naturally derived and synthetic scaffolds for cell delivery. a Perfusion decellulariza-
tion of whole rat hearts and HE staining at different stages. b Decellularization of ischemic rat 
livers and corrosion cast model of left lobe of decellularized liver matrix. c (i) SEM analysis of 
decellularized liver scaffold after recellularization on day 7, scale bar = 5 μm; (ii) live imaging 
of GFP-labeled MSCs in decellularized liver scaffold 6 weeks after transplantation into mouse 
with CCl4 induction. d (i) Morphology of silk fiber; (ii) transplantation of silk fiber with cells 
into dorsum of nude mice; (iii and iv) morphology of repaired tendons after 4 weeks, CS refers 
to cells + scaffold; S refers to scaffold only. Scale bar = 1 cm. e Microscopic images of micro-
scaled cryo-gels of different shapes (i) before and (ii) after injection. (iii) Cells in micro-cryo-
gels survived till day 7 after injection subcutaneous. (Images reproduced with permission)
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for 28 days after seeding (Ott et al. 2008). Taylor’s group further optimized the 
method for cell seeding to obtain more efficient cell distribution and cellulari-
zation of the scaffold by infusion via the brachiocephalic artery or via both the 
inferior vena cava and brachiocephalic artery. The recellularized hearts were then 
transplanted into recipients, and no immune rejection occurred as demonstrated by 
the lack of host immune cells observed in the scaffolds 7 days later (Badylak et al. 
2011). Vincentelli and colleagues recellularized porcine pulmonary artery with 
bone marrow mononuclear cells (BMMCs) or MSCs implanted in decellularized 
pulmonary artery under cardiopulmonary bypass. At 4 months of post-implanta-
tion, as shown in echocardiograph and histological results, recolonization and re-
endothelialization were achieved in both groups, while significantly greater valve 
thickening and inflammatory cell infiltration were found in the BMMC recellulari-
zation group compared to the MSCs recellularization group. Furthermore, valves 
from the MSCs group showed ECM and cell disposition that were closer to those 
of native pulmonary valves (Vincentelli et al. 2007).

Uygun and colleagues decellularized an entire liver and seeded the decellu-
larized scaffold with human fetal hepatocytes and endothelial cells through the 
intact vascular network (Fig. 11.3b) (Uygun et al. 2010). The cells in the scaf-
fold expressed typical endothelial, hepatic, and biliary epithelial markers indicat-
ing that an in vitro liver tissue was successfully created. Ji et al. seeded MSCs 
into decellularized liver scaffold and cultured in the presence of growth factors 
in vitro to differentiate MSCs along hepatic lineage. After they observed hepato-
cytes’ ultra-structural characteristics, they transplanted the complex into mice with 
CCl4-induced liver injury. As a result, mice survival rate and liver function were 
increased partially via the influence of paracrine factors on liver stellate cells and 
native hepatocytes (Fig. 11.3c) (Ji et al. 2012).

Other tissues such as blood vessel (Conklin et al. 2002; Dahl et al. 2003; 
Schmidt and Baier 2000), airway (Gray et al. 2012), cornea (Ponce Marquez et al. 
2009), muscle (Qing and Qin 2009), ligaments (Woods and Gratzer 2005), nerves 
(Hudson et al. 2004), skin (Chen et al. 2004), tendon (Cartmell and Dunn 2000), 
intestine (Badylak et al. 1989, 1995; Kropp et al. 1995), and kidney (Sullivan et al. 
2012; Ross et al. 2009) have also been decellularized and recellularized success-
fully so far, all of which provide promising alternatives to organ transplantation in 
clinical applications.

11.4.1.2  Synthetic Scaffolds

Synthetic scaffolds are made by crosslinking polymers to form hydrogels and/or 
porous scaffolds. Cells seeded into such scaffolds are usually cultured in vitro for 
several days, during which ECM and growth factors are secreted and deposited on 
these scaffolds.

Roche and colleagues compared the cell delivery ability of various biomate-
rial vehicles [i.e., two injectable hydrogels (alginate, chitosan/ß-glycerophosphate 
(chitosan/ß-GP) and two epicardial patches (alginate and collagen)] in search 
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for an improvement in the immediate retention of transplanted cells (Roche 
et al. 2014). They found that all four biomaterials could retain 50–60 % of the 
transplanted cells as compared to only 10 % when cells were transplanted as a 
suspension.

Such retention function can improve treatment efficacy significantly. For 
instance, research group headed by Hongwei Ouyang in China developed a knit-
ted silk-collagen sponge scaffold within which human ESC-derived MSCs (hESC-
MSCs) were seeded into diseased tendon. After transplantation, tenocyte-like 
morphology (scleraxis) and proteins (intergrins and myosin) were observed on 
hESC-MSCs sheets as well as other mechanosensory structures (cilia) with the 
expression of markers relating to tendon such as Collagen type I & III and Epha4. 
Transplanted hESC-MSCs modified the microenvironment at implantation site 
as well (Chen et al. 2010; Shen et al. 2010). Another Chinese group, Yang et al., 
incorporated MSCs in silk fibroin and transplanted them into animals with sciatic 
nerve gaps of 10 mm in rats, 50 and 60 mm in dogs, and 50 mm in rhesus mon-
keys. These transplanted MSCs promoted reconstruction of injured nerve trunks 
and restored nerve continuity and axonal functions (e.g., electrical conduction and 
axoplasmic transport) (Fig. 11.3d) (Yang et al. 2011; Xue et al. 2012).

The above examples utilize invasive methods to deliver cells, i.e., transplanta-
tion. However, patients at terminal stage of diseases such as liver failure and heart 
failure may not be able to withstand the extra trauma caused by transplantation. 
Furthermore, some patients may place high value on esthetics and would like to 
minimize scar formation during therapy. Hence, injection as a minimally inva-
sive cell delivery method is an attractive option. Commonly used injectable bio-
materials include thermal-sensitive hydrogels made from collagen, Matrigel, and 
other polymers (Matton et al. 1985). Cells are mixed with polymer solutions at 
low temperature and injected into target sites. Upon increment to physiological 
temperature in vivo, a hydrogel is formed which retains cells at desired locations. 
Other than hydrogels, microporous cryo-gels have been reported to be injectable. 
Unlike thermal-responsive hydrogels, which have been reported to result in a large 
number of cell deaths due to high pressure when passing through the needles 
during injection (Sheikh et al. 2007; Liu et al. 2014), injectable cryo-gels could 
shield cells from high injection pressures. Koshy et al. synthesized highly porous 
injectable gelatin scaffolds that could reduce the damage imposed on cells dur-
ing injection (Koshy et al. 2014). Cell adhesion to scaffold, viability, and prolif-
eration was minimally affected after passing through the needles when seeded in 
these scaffolds. Minimal host response was observed after transplantation in mice 
subcutaneously, except for formation of a thick fibrous capsule. Another inject-
able cryo-gel system developed by Liu and colleagues in China is realized at the 
microscale level (Liu et al. 2014). Human MSCs in such micro-cryo-gels could 
be shielded from mechanical stresses and necrosis caused by injection of cell sus-
pension. After subcutaneous injection in mice, cells seeded in micro-cryo-gels 
have shown concentrated localization and enhanced retention at the injection site 
(Fig. 11.3e).
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11.4.2  Biomaterials for Stem Cell Protection

When delivered into hosts, transplanted cells are inevitably in contact with the 
host circulatory system and hence are at risk of immunoreactions (Hernandez et al. 
2010; Brun-Graeppi et al. 2011). Hosts would recognize these transplanted cells as 
foreign substances and trigger immune cells to attack and eliminate them (Uludag 
et al. 2000), thereby resulting in loss of functions of transplanted cells (Hernandez 
et al. 2010; Jang et al. 2004; Pukel et al. 1988).

Encapsulation of cells resolves such problems, to a certain extent, by reducing 
immunoreactions and thus prolonging survival of transplanted cells (Hernandez 
et al. 2010; Chien et al. 2012). Coating with various types of hydrogels is currently 
commonly used as an immune protection technique (Portero et al. 2010; Orive 
et al. 2004). Selection of suitable encapsulating materials should take into consid-
eration the appropriate porosity by which nutrients, proteins, DNA, or drugs can be 
transported but antibodies and immune cells will be blocked, the stability provided 
by the mechanical property of the material, and the ease of handling such encapsu-
lating membranes (Fig. 11.4a). Satisfying these requirements means that the pore 
size and thickness of entrapping membrane are restricted to the microscale ranges 
(Kang et al. 2014). Though there have been several entrapping methods developed, 
satisfaction of all the above demands remains challenging (Uludag et al. 2000).

The easiest method to encapsulate cells in hydrogels involves simple steps of 
suspending cells in a pre-gel solution, injecting the mixture into a container, and 
forming the gel via temperature changes, chemical reaction, or photocuring pro-
cess (Fig. 11.4d-f) (Kang et al. 2014). There are also other reported methods of 
gelation such as ultrasonication-induced gelation (Wang et al. 2008). Many kinds 
of biomaterials have also been applied in beads and sheets formation, including 
natural polymers such as alginate, chitosan, collagen, and synthetic polymers 
such as PEG, PLGA, and PLA (Kang et al. 2014). Among these, alginate is most 
widely used because of its rapid gelation, good biocompatibility, and biodegra-
dability. Microencapsulation commonly describes spherical capsules within the 
range of 100–1500 μm in diameter. In contrast, macro-encapsulation typically 
refers to larger constructs with a planar or cylindrical geometry, such as flat sheet 
or hollow fiber configurations (Fig. 11.4d–f) (Hernandez et al. 2010). Immuno-
protection by size-based semipermeable membranes of transplanted cells or tis-
sues allows in situ delivery of secreted proteins to treat many diseases, such as 
central nervous system (CNS) diseases, diabetes mellitus, hepatic diseases, amyo-
trophic lateral sclerosis, hemophilia, hypothyroidism, and cardiovascular diseases 
(Zhang et al. 2008; Grandoso et al. 2007; Colton 1995; Desai et al. 2000).

In 1991, Lacy et al. incorporated islets encapsulated in alginate into acrylic 
hollow fibers and transplanted them in mice with diabetes. Because islet survival 
time was prolonged to 60 days, mice showed more efficient diabetes reversal than 
mice transplanted with islets without encapsulation (Lacy et al. 1991). Ngoc et al. 
encapsulated MSCs derived from mouse bone marrow or human umbilical cord in 
an alginate membrane. These capsules were injected intraperitonealy into diabetic 
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mice. Body weight and blood glucose were monitored as indices of treatment 
efficiency, and total white blood cells as that of immune reactions. Over a 30-day 
period, the mice’s body weight recovered gradually with about a 10 g decrease 
compared against a control group that received no cell transplantation. The total 
white blood cell count was lesser in the group treated with encapsulated cells than 
the group injected with pure MSC suspension (Ngoc et al. 2011). Chinese scien-
tists, Zhang et al., modified Chinese hamster ovary (CHO) cells with VEGF genes 
and then enveloped these modified cells within semipermeable microcapsules 
(Fig. 11.4b). After transplantation into myocardial infarction rat models, immune 
response to encapsulated cells was decreased when compared to control group 
without encapsulation. They found that the amount of serum anti-CHO antibod-
ies in the encapsulation group was significantly lower than that of control group, 
resulting in longer implant survival and hence corresponding to better treatment 
efficacy and cardiac function recovery (Fig. 11.4c) (Zhang et al. 2008).

Multilayered capsulation will no doubt improve mechanical stability, selective 
permeability, and total entrapment of cells, which is known to block transplanted 
cells from immune attack and sustained cell survival more efficiently (Chia et al. 
2002; Yin et al. 2003). However, immune rejection is, in fact, not completely 
blocked. In vivo experiments demonstrated that anti-human antibody was detecta-
ble in rat serum after 3 days of post-transplantation of encapsulated hepG2, which 
meant that the rat immune system responded to the entrapped cells (Kang et al. 
2014).

Despite the achievements discussed above, several barriers have slowed clinical 
application, such as biocompatibility, maintenance of long-term implants, biodeg-
radability, control of thickness and porosity, and also the cost of such treatment 
(Hernandez et al. 2010). Rapid development in micro-fabrication techniques and 
biomaterials may solve these difficulties and achieve improved immune isolation 
of transplanted cells in cell therapy (Kang et al. 2014).

11.4.3  Biomaterials for Endogenous Stem Cell Stimulation

Besides transplanting biomaterials pre-loaded with stem cells for disease treat-
ment, another approach to reverse damaged tissue is to recruit and stimulate 
endogenous stem cells or progenitor cells (Lee et al. 2008, 2009) to repopulate 
desired locations in situ via intervention with biomaterials (Lee et al. 2008). It 
has been widely accepted that many tissues contain certain types of stem cells 
or progenitor cells. Such tissues include brain, skin, circulating blood, fat, liver, 
heart, and muscle (Lee et al. 2008; Zhang et al. 2003; Guillot et al. 2007; Langer 
and Vacanti 1993; Ossendorf et al. 2007; Shin’oka et al. 2005). When small and 
non-life-threatening damages occur in the body, these stem cells would undergo 
regeneration and differentiation to repair the injury. However, wound recovery will 
fail if the damage is too severe (Lee et al. 2008). To help severely damaged tis-
sue recruit more stem cells for regeneration, biomaterials can be transplanted into 
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injured sites (Lutolf and Hubbell 2005). Some biomaterials themselves can play 
the role of stimulators in situ after transplantation into damaged sites, such as col-
lagen (Kin et al. 2007), while others can be modified with bioactive molecules to 
achieve such effects (Nair et al. 2011).

A myriad of bioactive factors has been incorporated in biomaterials, such as 
bone morphogenetic protein-2 (BMP-2) (Yamamoto et al. 2006) and FGF-2 
(Kodama et al. 2009) in gelatin and VEGF and HGF in PEG scaffolds (Salimath 
et al. 2012). Transplanted biomaterials release bioactive factors continuously and 
unlock the body’s own regenerative ability. Furthermore, they provide a proper 
microenvironment for cell survival, proliferation, and differentiation and also 
guide the reconstruction of 3D tissue (Davis et al. 2005). In China, Zhang et al. 
produced a matrix environment in situ which is beneficial to cartilage-derived 
MSCs (C-MSCs) and synovial membrane-derived MSCs (SM-MSCs) to pro-
mote cartilage repair spontaneously. They coated type 1 collagen (col1) scaf-
folds with stromal cell-derived factors-1 (SDF-1), and transplanted them into 
rabbits with partial-thickness cartilage defects. As results shown, C-MSCs and 
SM-MSCs migrated and adhered to the col1 scaffolds, achieving self-repair of 
cartilage defects as assessed by histological score (Zhang et al. 2013). In another 
research, Shi et al. modified Sca-1 (a member of the Ly-6 family, which is a com-
mon marker of adult hematopoietic stem cells) on collagen scaffolds, and then 
transplanted these scaffolds into mice with surgically induced heart defects. 2 days 
after transplantation, Sca-1 positive cells were observed on the scaffold. 4 weeks 
later, orderly arranged collagen fibers were found, and finally regenerated myofib-
ers appeared at 12 weeks after transplantation (Fig. 11.4g–i) (Shi et al. 2011).

From the above examples, it is clear that scientists have improved biomaterial-
assisted stem cell therapy in many aspects, such as protecting stem cells during 
transplantation by seeding the cells in different kinds of hydrogels or scaffolds, 
after transplantation by entrapping stem cells in semipermeable biomaterials, and 
by recruiting local stem cells to differentiate or proliferate by transplanting growth 
factor modified biomaterials. While there is still no optimal system at the moment, 
it is clear that more efforts are on the way to optimize various conditions to meet 
all of the therapeutic requirements of transplanted stem cells, such as surviving 
soundly in vivo without being attacked by the immune system, receiving an ade-
quate supply of oxygen and nutrients, and functioning well enough to reverse or 
even cure diseases.

11.5  Conclusion and Perspectives

Despite the great advancements made in stem-cell-based technology, challenges 
still remain for their translation to regenerative medicine and actual applications, 
including the difficulties in efficient in vitro expansion, controlled in vitro tissue 
formation, and effective in vivo regeneration. Scientists and engineers have utilized 
biomaterials to overcome these limitations by recreating the complex 3D natural 
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niches to regulate stem cell behaviors. We have reviewed some of the representa-
tive works, especially those advances made in China, in biomaterial-assisted stem 
cell engineering from three aspects: (1) two-dimensional (2D) substrates and 3D 
hydrogels/scaffolds engineered to maintain stemness and sustain self-renewal of 
stem cells for providing reliable cell sources; (2) 3D biomaterials employed to 
effectively and efficiently differentiate stem cells to desired lineages as well as to 
establish organotypic constructs mimicking in vivo organogenesis; and (3) decel-
lularized scaffolds, synthetic scaffolds, and hydrogels designed as vehicles for 

Fig. 11.4  Biomaterials for cell protection and endogenous cell stimulation. a Cell microen-
capsulation protects transplanted cells in cell therapy by enclosing cells in a semi-permeable 
membrane which allows diffusion of nutrients, oxygen, and waste, as well as paracrine factors 
secreted by transplanted cells but circumvents immune rejection. b Growth of  microencapsulated 
engineered CHO cells at day 4 and day 8, viewed by a phase-contrast microscope (40X).  
c In situ expression of VEGF–hemagglutinin (VEGF—HA) by encapsulated CHO cells. The left 
four lanes were loaded with samples from injection sites of four rats in the microencapsulated 
CHO (MC-CHO) group, and the right three lanes were loaded with samples from each rat in the 
CHO, microcapsule, and control groups, respectively. d A mono-dispersed cell-laden microbead 
 fabrication method. e Formation of cell-embedded micro-modules using a photo-lithographically 
fabricated PDMS template. f A PDMS-based microfluidic chip for three-dimensional co-culture 
of hybrid spheroids. g SEM of collagen scaffold, scale bar = 100 μm. h Surgical procedure of 
cardiac failure using cardiac patch. i HE staining of myocardium regeneration at 90 days after 
surgery. (Images reproduced with permission)
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delivering and protecting exogenous stem cells or as stimulators for activating 
endogenous stem cells to repair and regenerate injured or diseased tissues.

The works reviewed here are all excellent examples illustrating how biomate-
rials and engineering means could help to re-establish favorable niches for stem 
cell growth, differentiation, and formation or regeneration of tissue. Many proof-
of-concept demonstrations of mini-organ constructions, transplantations, and 
stem-cell-based therapy also provide promising new approaches to study regenera-
tive medicine. However, more efforts and research have to be done before we can 
achieve the long-term goal of tissue engineering, which is to synthesize or design 
novel types of tissue or organs de novo to truly cure and replace degenerated 
organs in human. We believe that in this process of technological advancement, 
biomaterial-assisted stem cell engineering for tissue construction and regeneration 
will play an important role in both in vitro organogenesis and in vivo cell therapy.
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Abstract Cardiovascular investigators are currently investigating adult bone 
marrow stem cells, cardiac stem cells, and adipose stem cells as potential new 
regenerative cell treatments for patients with acute myocardial infarctions and 
 cardiomyopathies. The initial ten-year experience with autologous, unfractionated 
bone marrow aspirates, which contain hematopoietic and mesenchymal stem cells 
(MSCs), suggested that patients with myocardial infarctions who receive these 
cells demonstrate 2–3 % increases in the left ventricular (LV) ejection fraction of 
the heart, 4.8 ml decreases in the left ventricular end-systolic volume (LVESV), 
and approximately 5 % reductions in infarction size without experiencing signifi-
cant side effects from these cells. The bone marrow stem cells are thought to act 
by releasing biologically active factors that limit myocardial inflammation, injury, 
and necrosis. The LateTIME, the TIME, and the Swiss Myocardial Infarction trials 
have recently addressed the questions of the optimal time for autologous, unfrac-
tionated bone marrow cell administration after acute myocardial infarction and 
coronary angioplasty and whether these cells limit myocardial damage in compari-
son with the patients treated with percutaneous coronary angioplasty and current 
medical care without cell transplantation. In these studies, the myocardial infarc-
tion sizes and the left ventricular ejection fractions (LVEFs) were not significantly 
different between the cell-treated patients with standard medical care and patients 
treated with standard medical care without bone marrow cells (BMCs). The lack of 
differences between treatments may have been due to the performance of coronary 
angioplasty within 4–5 h of the onset of patient’s symptoms of myocardial infarc-
tion, but may also have been due to heterogeneous patient bone marrow cell popu-
lations, red blood cell contamination of stem cells, heparin inhibition of stem cell 
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migration, and expulsion of the stem cells from the contracting heart shortly after 
injection. Current trials of patients with myocardial infarction are examining spe-
cific bone marrow stem cells including MSCs and CD34+ endothelial stem cells. In 
addition, cardiac stem cells isolated from human hearts are being investigated in the 
treatment of patients with infarcted hearts. Cardiac stem cell treatments in patients 
with infarcted hearts have reportedly decreased left ventricular infarct scar sizes by 
11.9–15.7 g and increased left ventricular viable mass by 17.9–22.6 g. Successful 
cell-based therapy for patients with heart disease requires the close cooperation and 
interaction of basic scientists and clinicians throughout the world. In this manner, 
the cell-based therapy in the twenty-first century will offer new hope to the millions 
of patients with heart disease throughout the world who would otherwise suffer 
from the inexorable downward progression of heart disease, heart failure, and death.

Keywords Stem cell · Myocardial infarction · Cardiomyopathy

12.1  Introduction

Each year in the USA, more than one million people experience a myocardial 
infarction and approximately 400,000 people die as a result of their myocardial 
infarction (Go et al. 2014). Single or recurrent myocardial infarction with loss of 
more than 25 % of the left ventricular myocardium is associated with low cardiac 
output and congestive heart failure in patients. Currently, five million people in 
the USA have congestive heart failure and more than one million people are hos-
pitalized with heart failure each year (Go et al. 2014). In addition, approximately 
58,000 patients with heart failure die annually.

Left ventricular scar due to myocardial infarction is largely acellular and causes 
left ventricular mechanical dysfunction, electrical uncoupling and cardiac arrhyth-
mias, and ultimately cardiomyopathy. The cardiomyocyte deficit in patients with 
myocardial infarction and cardiomyopathy is approximately one billion cardiac 
myocytes (Beltrami et al. 1994). Although the heart has some ability to regenerate 
cardiac myocytes after myocardial infarction, endogenous myocardial muscle res-
toration is inadequate to compensate for the cardiac myocyte loss with myocardial 
infarction. Consequently, cardiovascular investigators are currently exploring the 
use of adult bone marrow stem cells, cardiac progenitor cells, and adipose stem 
cells as potential new regenerative cell treatments for patients with myocardial 
infarctions and cardiomyopathies.

12.2  Bone Marrow Stem Cells in Cardiac Repair:  
The First Ten Years

Due to the limited availability of human embryonic stem cells for cardiac repair, 
many cardiovascular investigators turned to adult bone marrow cells (BMCs) to 
potentially reduce in patients the size and the fibrosis of myocardial infarctions, limit 
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post-infarction left ventricular (LV) remodeling, and improve left ventricular wall 
thickening and compliance. Human bone marrow contains hematopoietic and mes-
enchymal stem cells (MSCs) which constitute less than 0.01 % of the BMCs. Bone 
marrow MSCs can generate in vitro myocytes as well as osteoblasts, chondrocytes, 
and adipose cells. Bone marrow hematopoietic stem cells can produce endothelial 
progenitor cells and also red blood cells, megakaryocytes, myeloid cells, and lym-
phocytes. Consequently, cardiovascular investigators theorized that bone marrow 
mesenchymal and hematopoietic stem cells could transdifferentiate into cardio-
myocytes and vascular endothelial cells when implanted in infarcted myocardium. 
Subsequent investigations in research animals with myocardial infarctions demon-
strated that BMCs could decrease infarct size and improve LV ejection fraction and 
paved the way for studies in patients with acute myocardial infarctions. Based on 
the studies in research animals, transdifferentiation of BMCs to cardiac myocytes 
and vascular endothelial cells in the infarcted LV does not appear to occur and 
does not explain the cardiac changes that can occur with bone marrow cell trans-
plantation in the heart. Rather, bone marrow stem cells appear to act by paracrine 
mechanisms with the release of biologically active growth factors and anti-inflam-
matory cytokines that limit myocardial inflammation, injury, and infarct-associated 
decreases in heart contractility (Gnecchi et al. 2005; Kinnaird et al. 2004).

The first trials using autologous bone marrow stems cells for the treatment 
of patients with acute myocardial infarctions were reported in 2002. Since that 
time, many of the clinical trials have used autologous unfractionated bone mar-
row mononuclear cells that contain hematopoietic, MSCs, and other BMCs. 
The Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute 
Myocardial Infarction (REPAIR-AMI) trial was a randomized study that reported 
in 2006 that bone marrow cell therapy significantly increased in patients with 
myocardial infarctions the left ventricular ejection fractions (LVEFs) and reduced 
the 1-year combined clinical endpoint of death, recurrence of myocardial infarc-
tion and revascularization especially in patients with myocardial infarctions and 
pulmonary congestion as determined by n-terminal brain natriuretic peptide 
(NT-BNP) values >733 pg/ml (Schaechinger et al. 2006a, b). In contrast to the 
REPAIR-AMI study, the Bone Marrow Transfer to Enhance ST-Elevation Infarct 
Regeneration (BOOST) trial reported that adult bone marrow cell-treated patients 
with myocardial infarctions demonstrated an initial increase in LV ejection frac-
tion at 6 months but no increase in LV ejection fraction after 18 months in com-
parison with patients treated with optimal medical treatment without bone marrow 
cells (Wollert et al. 2004; Meyer et al. 2006).

The discrepancies in these and other initial bone marrow stem cell studies in 
patients with myocardial infarctions are due to significant variations in bone mar-
row cell processing and characterization of cells, the timing of cell transplantation 
and the technique of injection, the number and volume of injected cells, the abil-
ity of autologous BMCs to migrate to ischemic and infarcted tissue and propagate 
in patients with chronic diseases, the presence of red blood cell contamination of 
BMCs, adjunctive medical therapy, and different observation periods after bone 
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marrow cell treatment (Kissel et al. 2007). In addition, the methodology of quanti-
fication of patient’s cardiac performance after bone marrow cell transplantation is 
not standardized among cardiovascular investigators, which makes comparison of 
studies from different research investigators extremely difficult.

Several major meta-analyses of cardiac cell transplantation have been published 
during the first decade of stem cell transplantation into patient’s hearts that per-
mit general conclusions regarding the effects of BMCs in the treatment of patients 
with myocardial infarctions. An analysis by Lipinski et al. (2007) included 10 
studies of 698 patients that were treated with percutaneous coronary angioplasty 
after acute myocardial infarction and then allocated to treatment with either intra-
coronary autologous adult bone marrow cell therapy or standard medical therapy. 
The patients were followed for a mean of 6 (range 3–18) months. Seven of the 
10 studies randomized the patients to either cell treatment or placebo controls. 
In this meta-analysis, patients who received BMCs showed statistically signifi-
cant 3 % (range 1.9–4.1 %) increases in LV ejection fraction, decreases in end-
systolic volume of 7.4 ml (range −12.2 to −2.7 ml), and reductions in infarct size 
of 5.6 % (−8.7 to −2.5 %) (Lipinski et al. 2007). Patients who received intrac-
oronary bone marrow cell infusions had a significant decrease in recurrent myo-
cardial infarctions but no difference in rehospitalization for heart failure during 
the study. Table 12.1 summarizes the studies analyzed by Lipinski and coworkers 
(Schaechinger et al. 2006a, b; Meyer et al. 2006; Strauer et al. 2002; Bartunek 
et al. 2005; Li et al. 2007; Janssens et al. 2006; Wollert et al. 2004; Kang et al. 
2006; Lunde et al. 2006, 2008; Ge et al. 2006; Meluzín et al. 2006, 2008; Dill 
et al. 2008).

Martin-Rendon et al. (2008) performed a Cochrane Systematic Review of 13 
randomized controlled trials with 14 different comparisons involving 811 patients 
with acute myocardial infractions from 9 different countries that compared per-
cutaneous coronary intervention plus autologous BMCs with percutaneous coro-
nary angioplasty plus saline or heparinized plasma. All patients were followed for 
3–6 months and 3 trials followed patients for greater than 12 months. Autologous 
bone marrow cell therapy was found to be safe and increased LV ejection frac-
tion by 2.99 % (range 1.26–4.72 %), reduced LV end-systolic volume by 4.74 ml 
(range −7.84 to −1.64 ml), and decreased myocardial infarction size by 3.51 % 
(range −5.91 to −1.11 %) (Martin-Rendon et al. 2008). Subgroup analysis indi-
cated that there was a statistically significant increase in LV ejection fraction when 
cells were infused within 7 days following the acute myocardial infarction and 
when the cell dose administered was greater than 108 cells. However, the trials in 
this Cochrane Review were too small to demonstrate whether bone marrow cell 
therapy reduced patient mortality after myocardial infarction.

Abdel-Latif examined 999 patients in a meta-analysis of 18 randomized and 
non-randomized trials of BMCs (Abdel-Latif et al. 2008). Twelve trials included 
patients with acute myocardial infarction, and 6 studies included patients with 
acute myocardial infarction and ischemic cardiomyopathy. The cells used for 
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treatment included bone marrow mononuclear cells, MSCs, or bone marrow-
derived circulating blood progenitor cells. The cells were administered into the 
coronary arteries of patients in 15 trials and directly into the myocardium in 3 
studies. Compared with control patients, BMCs significantly increased LV ejec-
tion fraction by 3.66 % (range 1.93–5.4 %), decreased LV end-systolic vol-
ume by 4.8 ml (range −8.20 to −1.41 ml), and reduced infarct size by 5.49 % 
(range −9.10 to 1.88 %) (Abdel-Latif et al. 2008). There were no major local 
or systemic complications. In this meta-analysis, there was no significant differ-
ence between groups that received less or more than 80 × 106 cells. However, 
injection of BMCs 5–20 days after myocardial infarction resulted in a greater 
than threefold reduction in myocardial infarction size and better reduction in 
the LV end-systolic volume compared with injection of BMCs within the first 
5 days after acute myocardial infarction and/or percutaneous coronary interven-
tion (Abdel-Latif et al. 2008). Table 12.2 summarizes the 18 studies analyzed by 
Abdel-Latif and coworkers (Ge et al. 2006; Assmus et al. 2006; Bartunek et al. 
2006; Chen et al. 2004; Erbs et al. 2005; Ge et al. 2006; Hendrikx et al. 2006; 
Katritsis et al. 2005; Mocini et al. 2006; Perin et al. 2004; Ruan et al. 2005; 
Strauer et al. 2005).

None of the meta-analyses of bone marrow trials reported an increased inci-
dence of cardiac arrhythmias with bone marrow cell transplantation into the heart 
muscle. The meta-analyses suggest that in patients with myocardial infarctions, 
modest decreases in infarct size and increases in left ventricular ejection fraction 
can be achieved with bone marrow cell therapy and that the therapy is safe.

Although the increases in cardiac LV ejection fraction with bone marrow stem 
cell therapy are modest, they are comparable to what has been reported with phar-
macology therapy and with angioplasty in patients with myocardial infarctions 
and ischemic cardiomyopathies. In the Valsartan in Acute Myocardial Infarction 
(VALIANT) Study, treatment of patients with myocardial infarctions with the drug 
valsartan increased the LV ejection fraction 1.3 ± 6.7 %, while treatment with 
captopril increased the LV ejection fraction by 2.7 ± 7.2 %, and combined val-
sartan and captopril treatment increased the LV ejection fraction by 1.9 ± 7.3 % 
(Solomon et al. 2005). In the intravenous streptokinase in acute myocardial infarc-
tion (ISAM) trial, the LV ejection fractions in patients treated with thrombolytic 
streptokinase therapy averaged 56.8 ± 0.7 % versus 53.9 ± 0.7 % in control 
patients (The I.S.A.M. Study Group 1986). In a comparison of thrombolytic ther-
apy with streptokinase versus acute coronary angioplasty in the treatment of acute 
myocardial infarction, the LV ejection fraction was 45 ± 12 % in patients treated 
with streptokinase and 51 ± 11 % in patients with acute coronary angioplasty 
(Zijlstra et al. 1993). Consequently, the meta-analyses suggest that the increases in 
cardiac function with stem cell therapy are comparable to pharmacologic therapy 
and angioplasty for the treatment of acute myocardial infarction.
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12.3  Bone Marrow Stem Cells in Ischemic 
Cardiomyopathy

In contrast to the large number of bone marrow cell trials in patients with acute 
myocardial infarctions, few clinical trials have investigated the use of stem cells 
in the treatment of patients with chronic ischemic cardiomyopathies. Moreover, 
the cardiomyopathy trials frequently often involved small numbers of patients and 
often did not randomize patients to bone marrow cell treatment or no cell treat-
ment. Nevertheless, the trials demonstrated that BMCs could be safely adminis-
tered to patients with ischemic cardiomyopathies.

In a randomized study of patients with ischemic cardiomyopathies who were 
at least 3 months of post-myocardial infarction, Assmus injected into the coro-
nary arteries autologous BMCs or a placebo into the patients’ coronary arter-
ies (Assmus et al. 2006). At 3 months post-injection, LV ejection fraction, 
determined by LV ventriculograms with contrast material, increased significantly 
by 2.9 ± 3.6 % among patients receiving BMCs but declined by 1.2 ± 3.0 % 
among patients who did not receive cell infusions. Magnetic resonance imaging 
(MRI) of LV regional function in a subgroup of patients treated with BMCs dem-
onstrated that the hypocontractile segments decreased from 10.1 ± 3.6 segments 
to 8.7 ± 3.6 segments and the normal contractile segments increased significantly 
from 3.8 ± 4.5 to 5.4 ± 4.6 segments.

Strauer reported in a non-randomized study the five-year follow-up of the intra-
coronary administration of BMCs in 191 patients with ischemic cardiomyopa-
thies with LVEF <35 % and chronic heart failure (Strauer et al. 2010). All patients 
received dobutamine intravenously to augment contractility for 24 h after the coro-
nary injection of BMCs. In 181 of these patients at 60 months, BMCs increased the 
LVEF by 6.2 ± 8.4 %, improved the New York Heart Association Classification 
from 3.2 ± 0.5 to 1.5 ± 0.5, and increased the survival in patients with heart failure 
compared to the group not treated with BMCs (Strauer et al. 2010).

In contrast to the studies by Assmus and Strauer, several trials have failed to 
confirm the beneficial effects of intracoronary delivery of BMCs in patients with 
ischemic cardiomyopathies. In a study of 20 patients with chronic ischemic heart 
disease, Ang et al. (2008) injected autologous BMCs either directly into myo-
cardial scars or into a coronary artery graft supplying scarred myocardium in 10 
patients. In this study, BMCs did not significantly increase myocardial regional 
contractile thickening and LV ejection fraction or decrease infarct scar volume 
when measured by dobutamine stress echocardiography and magnetic resonance 
imaging (MRI) 6 months after cell transplantation in comparison with patients 
treated with myocardial revascularization without cell transplantation.

Hendrikx et al. (2006) reported that autologous BMCs directly injected into 
the infarct scar borders in 10 patients with ischemic cardiomyopathy at the time 
of coronary artery bypass surgery improved regional myocardial wall function 
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but not global contractile function when measured by MRI at 4 months after 
cell transplantation in comparison with 10 patients who received coronary artery 
bypass grafts without bone marrow stem cells. Monomorphic ventricular tachycar-
dia was induced during electrophysiological studies in 5 patients, and polymorphic 
ventricular tachycardia was induced in 1 patient in in a total of ten patients who 
received BMCs (Hendrikx et al. 2006). Automatic implantable defibrillators were 
inserted in 3 patients, and 3 patients were treated with amiodarone.

The studies by Ang and Hendrikx suggest that stem cells when injected into 
myocardial scars in patients with cardiomyopathies are associated with little or 
no left ventricular hemodynamic improvement. In contrast, stem cell injection 
into viable myocardium in patients with ischemic cardiomyopathies, either at the 
time of cardiac surgery or with the use of the NOGA catheter navigation system 
during LV catheterization, appears to be associated with modest hemodynamic 
improvement.

The Cochrane Collaboration has published an evaluation of 23 randomized 
control trials that investigated the use of bone marrow stem cells in the treatment 
of patients with chronic ischemic heart disease and congestive heart failure (Fisher 
et al. 2014). Co-interventions, such as primary angioplasty, coronary bypass sur-
gery, or administration of stem cell mobilizing agents, were included in the meta-
analysis when the interventions were equally administered to stem cell-treated and 
control patients. The 23 studies included 659 patients treated with bone marrow-
derived stem cells and 478 control patients. The quality of the evidence in the 23 
studies was stated by the Cochrane Collaboration to be low to moderate quality 
(Fisher et al. 2014). Nevertheless based on the data available, the collaboration 
concluded that bone marrow stem cell treatment in patients with ischemic heart 
disease was associated with a reduction in left ventricular end-systolic volume 
(LVESV) (mean difference −14.64 ml, 95 % confidence intervals (CI) −20.88 to 
−8.39 ml in 153 patients), an increase in LV stroke volume index (mean differ-
ence 6.52, 95 % CI 1.51–11.54 in 62 patients), an improvement in LVEF (mean 
difference 2.62 %, 95 % CI 0.50–4.73 % in 6 studies), a reduced incidence of mor-
tality (risk ratio 0.28, 95 % CI 0.14–0.53), and rehospitalization due to heart fail-
ure (relative risk 0.26, 95 % CI 0.07–0.94) over ≥12 months (Fisher et al. 2014) 
(see Table 12.3). Patients with LVEF less than 30 % or patients with symptomatic 
congestive heart failure benefited more from BMC treatment than patients with 
LVEF >30 % and/or patients without symptoms of heart failure. Of 19 trials in 
which adverse events were reported, adverse events due to either BMC treatment 
or related procedures occurred in only four individuals. No long-term adverse 
events were reported. The Cochrane Collaboration emphasized the low to mod-
erate quality of the evidence and concluded that there is a need for large-scale, 
adequately powered studies with well-defined participant cohorts and long-term 
follow-up to confirm the modest beneficial effects of BMCs for patients with 
chronic ischemic heart disease and congestive heart failure (Fisher et al. 2014).
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12.4  Bone Marrow Cells in Non-ischemic 
Cardiomyopathies

Patients with non-ischemic cardiomyopathies have dilated cardiac ventricles, often 
with non-homogenous LV tissue perfusion, which makes targeted administration 
of stem cells through coronary arteries challenging. However, these patients often 
have greater numbers of progenitor cells in the systemic circulation with better 
functional capacity than patients with ischemic cardiomyopathies, which suggests 
that bone marrow cell therapy might be beneficial in patients with non-ischemic 
cardiomyopathies (Vrtovec et al. 2011). See Table 12.4.

Fifty-five patients with non-ischemic cardiomyopathies in an open-labeled 
study received intracoronary bone marrow CD34+ endothelial progenitor cells 
or placebo. At 5 years after treatment, stem cell therapy was associated with an 
increase in left ventricular ejection fraction (from 24.3 ± 6.5 to 30.0 ± 5.1 %), an 
increase in 6-min walk distance (from 344 ± 90 to 477 ± 130 m), and a decrease 
in pulmonary congestion as determined by N-terminal B-type natriuretic peptide 
(from 2322 ± 1234 to 1011 ± 893 pg/ml) (Vrtovec et al. 2011). The improvement 
in the LVEF was most significant in patients with the greatest attraction of injected 
CD34+ cells to the myocardium. In this study, patient mortality at five years 
was 14 % in the stem cell treatment group and 35 % in the non-stem cell-treated 
patients (Vrtovec et al. 2011).

In the Autologous Bone Marrow Cells in Dilated Cardiomyopathy (ABCD) 
trial of 24 patients with non-ischemic cardiomyopathy who received intracoronary 
BMCs, the LVEF increased by an average of 5.9 % (22.5 ± 8.3 % to 28.4 ± 11.8) 

Table 12.3  Comparison of stem cell versus no stem cell treatment on all mortality

Study or subgroup BMSC n/N no BMSC n/N                      Risk Ratio
M-H, Fixed, 95% CI

Short-term follow-up ( 12 months)

Ang 2008 1/42 1/19

Assmus 2006 0/52 1/23

Erbs 2005 0/12 0/11

Hendrikx 2006 1/11 1/12

Honold 2012 0/22 0/10

Hu 2011 0/31 1/28

Kang 2006 1/16 0/16

Losordo 2007 0/18 0/28

Losordo 2011 0/111 0/55

Patel 2005 0/10 0/10

Perin 2011 0/20 0/10

Perin 2012a 1/61 0/31

Perin 2012b 0/10 0/10

0.0 0.1 1 10 100
Favors BMSC Favors No BMSC

Adapted and Reproduced with permission from Fisher et al. (2014)
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which was associated with an improvement in New York Heart Association func-
tional class III and IV patients (Seth et al. 2010). The three-year follow-up showed 
persistent improvement in LVEF due to decreases in LVESV. However, this hemo-
dynamic improvement was not associated with significant improvement in patient 
survival because 12 (24.4 %) patients died in the treated group and 14 (30 %) 
patients died in the control group (Seth et al. 2010).

In a third study of non-ischemic cardiomyopathy patients, Fischer-Roasokat 
infused BMCs into the coronary arteries of 33 patients and analyzed patient hemody-
namics at 3 months (Fischer-Roasokat et al. 2009). In this study, the LVEF increased 
by 3.2 % from 30.2 ± 10.9 to 33.4 ± 11.5 %, and the NT-proBNP decreased at one 
year from 1610 ± 993 to 1473 ± 1147 pg/ml. The increase of regional contractile 
function and LVEF was directly related to the functionality of the infused cells as 
measured by their colony-forming capacity (Fischer-Rasokat et al. 2009). Based on 
this study and the previous two studies, the number of BMCs retained in the myo-
cardium and the functionality of the BMCs appear to be important factors in the 
response of patients with cardiomyopathy to bone marrow cell therapy.

The studies of bone marrow stem cells in patients with ischemic and non-
ischemic cardiomyopathies are promising. However, the effects of BMCs in 
patients with cardiomyopathies require much larger numbers of patients in clini-
cal trials for longer periods of time in order to permit definitive conclusions 
about the effects of stem cells in these patients. The amount of hibernating myo-
cardium in patients with ischemic cardiomyopathies varies greatly, and patients 
with non-ischemic cardiomyopathies frequently have myocardial fibrosis and 
non-homogenous myocardial perfusion. These confounding factors contribute to 
the heterogeneity of the treatment responses in the different studies. In addition, 
the type of cells injected (adult bone marrow mononuclear cells, CD34+ cells, or 

Table 12.4  Prospective randomized trials of stem cell therapy in non-ischemic heart failure

LVEF Left ventricular ejection fraction; BMC Bone marrow cells; IC Intracoronary injection
Adapted with permission from Methodist DeBakey Cardiovascular Journal 2013;iX (4):196

Study Patient 
(N)

Randomized Cell dose Injection 
type

Baseline 
LVEF

LVEF 
increase

Duration 
(months)

Bocchi 
et al. 
(2010)

22 No GSF 
 stimulation 
BMC

IC 21 8.8 15

Fischer-
Rasokat 
et al. 
(2009)

33 No 259 ± 135 × 
106 BMC

IC 30 3.4 3

Seth et al. 
(2010)

85 Yes 168 ± 96 × 
106 BMC

IC 23 5.9 36

Vrtovec 
et al. 
(2011)

55 Yes 123 ± 23 × 
106 BMC

IC 26 4.6 12

Vrtovec 
et al. 
(2013)

55 Yes 113 ± 26 × 
106 BMC

IC 24 5.6 60
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mesenchymal cells), the location of injection (viable LV myocardial tissue or scar), 
the methods of measurement of LV function, and the duration of patient follow-
up should be standardized in order to permit comparisons of different studies and 
ultimately permit reasonable conclusions regarding the amount of benefit of bone 
marrow cell therapy in patients with ischemic and non-ischemic cardiomyopathies.

12.5  The Second Decade: TIME Trials of Bone Marrow 
Stem Cells in Cardiac Repair

The initial ten-year experience with stem cells, primarily from bone marrow aspi-
rates, suggested that patients with myocardial infarctions who received autologous 
unfractionated bone marrow mononuclear cells showed significant 2–3 % (range 
1.9–5.4 %) increases in LVEF, decreases in LVESV of 4.8 ml (range −1.4 to 
−8.2 ml), and reductions in infarct size of approximately 5 % (−1.9 to −9.1 %) 
without experiencing significant side effects (Henning 2011, 2012, 2013). 
However, many of the initial bone marrow cell studies consisted of small numbers 
of patients and not all the studies randomized patients to treatment with bone mar-
row mononuclear cells or placebo.

Despite promising but modest results from the initial studies, major questions 
have persisted in the treatment of patients with acute myocardial infarctions with 
bone marrow mononuclear cells or other cells for heart repair. What is the optimal 
cell for treatment of patients with myocardial infarction? When is the optimal time 
to inject cells in patients with myocardial infarctions? What is the viability of the 
stem cells prior to injection into patients? What is the best technique to monitor 
cardiac patients after stem cell treatment? The LateTIME, the TIME, and the Swiss 
Myocardial Infarction trials were multicenter trials that addressed the questions 
whether unfractionated bone marrow mononuclear cells and standard of  care limit 
myocardial damage in comparison with patients treated with standard of care and 
what is the optimal time for cell administration after acute myocardial infarctions.

12.6  LateTIME Trial: Transplantation in Myocardial 
Infarction Evaluation 2–3 Weeks Following Acute 
Myocardial Infarction (AMI)

The LateTIME trial was a randomized, double-blind, placebo-controlled trial 
designed to determine whether unfractionated bone marrow mononuclear cells 
administered to patients 2–3 weeks after AMI would be safe and effective in lim-
iting infarct size and improving LV function (Traverse et al. 2011). All patients 
were successfully treated initially with primary percutaneous coronary angioplasty 
(PTCA) within a median time of 4 h after the onset of chest pain. More than 90 % 
of the patients had anterior wall myocardial infarctions.
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All patients underwent bone marrow aspirations. The bone marrow aspirate was 
processed at each site with a closed, automated cell processing system (Sepax, 
Biosafe SA) to ensure a uniform cellular product for administration. The BMCs 
contained 2.6 % CD34+ and 1.2 % CD133+ hematopoietic cells, and the viabil-
ity of the cells was >70 %. Fifty-eight patients were given 150 × 106 autologous 
bone marrow mononuclear cells into the infarct-related coronary artery, and 20 
patients were given 5 % human serum albumin plus 100 μl of autologous blood as 
a placebo, 2–3 weeks after acute myocardial infarction (Traverse et al. 2011). All 
patients received heparin during the procedure as well as aspirin, clopidogrel, and 
American Heart Association guideline recommended post-AMI medications.

Infarct volume and global and regional LV function were measured by MRI 
with gadolinium prior to each intracoronary injection and at 6 months after injec-
tion. The LVEFs prior to infusion of cells or placebo averaged 48.7 % in the 
BMC group and 45.3 % in the placebo group. The changes between baseline and 
6 months in BMC group for infarct volume, LVEF, wall motion in the infarct zone, 
and wall motion in the border zone of the infarction were not statistically different 
from the placebo group (Traverse et al. 2011). No significant improvement was 
observed in the recovery of LV function in the group of AMI patients with the 
most depressed LVEF at baseline. However, the BMC treatment group had fewer 
clinical adverse events than the placebo group, and the bone marrow cell infusions 
were felt to be safe.

The LateTIME trial investigators concluded that among patients with AMI and 
LV dysfunction following reperfusion with PCI, intracoronary infusion of autolo-
gous unfractionated BMCs 2–3 weeks after PCI did not improve global or regional 
LV function at 6 months (Traverse et al. 2011).

12.7  TIME Trial: Transplantation in Myocardial 
Infarction Evaluation

In 2006, the investigators in the REPAIR-AMI trial reported that delivery of 
BMCs to patients 5–7 days after AMI resulted in a 5.1 % absolute increase in LV 
ejection fraction (Schaechinger et al. 2006b). This increase in LV ejection fraction 
contrasted with patients treated 3–4 days after AMI in which there was no signifi-
cant increase in LVEF in comparison with placebo-treated patients (Schaechinger 
et al. 2006b). Based on the REPAIR-AMI trial, additional studies were recom-
mended. The TIME trial was a double-blind, placebo-controlled trial that inves-
tigated the intracoronary administration of autologous bone marrow mononuclear 
cells or placebo in patients 3 or 7 days after an acute myocardial infarction 
(Traverse et al. 2012). All patients had successful coronary reperfusion with coro-
nary angioplasty within a median time of 3–4 h after the onset of ischemic symp-
toms. More than 81 % of the patients had anterior wall infarctions.
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All patients had bone marrow aspirations. The mean time from PCI to bone 
marrow aspiration and cell processing was 3.3 days in the 3 day and 7.4 days in 
the 7 day group. Bone marrow mononuclear cells were isolated in each center with 
the Sepax system (Biosafe), and the cells or placebo was infused within 12 h of 
bone marrow aspiration and cell processing. The BMCs contained 2.3 % CD34+ 
and 1.1 % CD34+ plus CD131+ hematopoietic cells. All patients had baseline car-
diac MRIs with gadolinium at day 3 or at day 7 after AMI and at 6 months after 
the AMI (Traverse et al. 2012).

Forty-three patients received unfractionated BMCs on day 3, and 36 patients 
received unfractionated BMCs on day 7 after AMI. Each patient received approxi-
mately 147 × 106 bone marrow mononuclear cells within 12 h of aspiration and 
cell processing. Forty-one patients received a placebo. All patients received hepa-
rin during the procedure as well as aspirin and clopidogrel.

The differences between the BMC treatment and the placebo treatments in the 
3 day group and in the 7 day group were not significant (Traverse et al. 2012). 
When both BMC groups were combined (n = 75) to include patients with MRI 
measurements at baseline and at 6 months and compared with the combined pla-
cebo group (n = 37), there was no significant increase in the LVEF for the BMC 
group in comparison with the placebo group. Moreover, there was no significant 
difference between the changes in regional wall motion in the infarct zone and 
the border zone between BMC and placebo groups. Infarct volumes uniformly 
decreased in both groups, but the differences were not statistically significant. 
Major coronary adverse events were rare among all treatment groups.

The TIME trial investigators concluded that among patients with ST segment 
elevation myocardial infarction treated with primary PCI, the administration of 
intracoronary autologous unfractionated BMCs at either day 3 or day 7 after AMI 
had no significant effect on recovery of global or regional LV function compared 
with placebo (Traverse et al. 2012).

12.8  Swiss Multicenter Intracoronary Stem Cell Study in 
Acute Myocardial Infarction Trial (Swiss AMI Trial)

The Swiss Multicenter Intracoronary Stem Cell Study in Acute Myocardial 
Infarction trial randomized patients with AMIs with LVEF <45 % by ventricu-
lography or echocardiography, who had been successfully treated with PCI of the 
infarct-related artery within a median of 5 h of onset of chest pain, to either the 
intracoronary administration of 140–160 million autologous bone marrow mono-
nuclear cells at a median of 6 days after AMI (early group n = 58) or at a median 
of 24 days after AMI (late group, n = 49) or to a placebo group (n = 60) (Sürder 
et al. 2013). Ninety-two percent of the patients had anterior wall infarctions. Bone 
marrow aspirates were performed only in patients assigned to the BMC treatment. 
Each 10 ml aspirate was treated with 1000 IU heparin to prevent clot formation. 
The bone marrow mononuclear cell fraction was isolated by density gradient 
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centrifugation at a centralized processing facility and contained 1–1.3 % CD34+ 
hematopoietic cells. The median percentage of mononuclear cells that exhibit 
migration capacity was only 29 % (Sürder et al. 2013).

Cardiac MRI with gadolinium was performed on patients at baseline prior to 
infusion and at 4 months after the injection of BMCs into the infarct-related cor-
onary artery and was compared with MRIs of control patients treated with best 
medical care at the same times.

At 4 months after coronary infusion, there were no significant differences in 
infarct scar size or LV myocardial wall thickening in patients treated with BMCs 
at either 5–7 days or 3–4 weeks after AMI in comparison with control patients. 
Moreover, LV function did not significantly improve at 4 months after the intra-
coronary infusion of autologous BMCs in either the early or late treated groups 
in comparison with the placebo group. In all cell and placebo treatment groups, 
LV scar, determined by late gadolinium enhancement on MRI, decreased by more 
than 10 g with a 4–5 % decrease in the ratio of myocardial scar to myocardial 
mass. There were no significant differences in adverse events between BMC-
treated and control patients (Sürder et al. 2013).

12.9  Critique of LateTIME, TIME, and Swiss Bone 
Marrow Cell Trials

The primary endpoints of the LateTIME, TIME, and Swiss Bone Marrow Cell 
trials were not met, and the functional benefit of autologous unfractionated bone 
marrow mononuclear cells remains in doubt. Nevertheless, these trials provide 
insights into stem cell trial designs and stem cell functions in patients with AMIs.

Patients with AMIs in the LateTIME, TIME, and Swiss Multicenter trials 
were treated with percutaneous coronary angioplasty within a median of approx-
imately 4–5 h of the onset of chest pain. Thereafter, the patients were treated 
with American and European Heart Association guided best medical therapy. 
Consequently, myocardial infarction sizes and the extent of LV remodeling in the 
trial patients were significantly limited, and the differences between BMC-treated 
patients and placebo-treated patients were small. Although the initial qualifying 
LVEFs by echocardiography after PCI in the LateTIME and TIME trials patients 
were <45 %, the LVEFs by MRI at the time of BMC injection were larger than 
45 %. BMCs are much less effective in patients with small myocardial infarc-
tions with near normal LVEFs. Moreover, placebo-treated patients continue to 
improve with best medical therapy after myocardial infarctions as exemplified by 
the control patients in the BOOST trial in which the LVEFs continued to improve 
and equaled or exceeded the increases in the LVEFs in the BMC-treated patients 
at 18 months after AMI (Meyer et al. 2006). In addition, the Valsartan in Acute 
Myocardial infarction trial and trials of neurohormonal blockade of patients with 
acute myocardial infarctions have demonstrated that optimal medical therapy of 
patients with AMIs can increase LVEF by a mean of 2.7 % points at 20 months 
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(Solomon et al. 2005; Henning 2011). Consequently, much larger numbers of 
patients will be required in clinical trials to demonstrate statistically signifi-
cant differences between BMC-treated patients and placebo-treated patients who 
receive PCI early after the onset of AMI and guideline directed optimal medical 
therapy. The BAMI trial (the effect of intracoronary reinfusion of bone marrow-
derived mononuclear cells on all-cause mortality in acute myocardial infarction) 
is recruiting 3000 patients with LVEFs <45 % within 7 days of AMIs, who have 
undergone successful coronary reperfusion therapy, for randomization into treat-
ment with either intracoronary autologous unfractionated bone marrow mono-
nuclear cells or placebo (Mathur 2013). Perhaps, the BAMI trial will provide a 
definitive answer to the question not only whether autologous unfractionated 
BMCs can significantly decrease patient mortality due to myocardial infarction 
but also substantially reduce infarct size and improve LVEF in comparison with 
patients treated with best medical therapy over three years.

The lack of differences between bone marrow cell-treated patients and placebo-
treated patients with AMIs in the LateTIME, the TIME, and the Swiss Multicenter 
trials may be due to important factors other than prompt coronary angioplasty after 
AMI and optimal medical therapy in these trials. Several important factors are dis-
cussed in the following sections.

12.9.1  Heterogeneous Bone Marrow Cell Populations

Unfractionated bone marrow mononuclear cells are a heterogeneous group of 
cells that contain less than 3 % CD34+ and 1 % CD34+/CD133+ hematopoietic 
progenitor cells and <1 % CD105+ MSCs when marrow cells are separated by 
Ficoll density gradient-based separation. However, the bone marrow aspirates in 
the LateTIME and TIME trials were separated by an automated cell process sys-
tem (Sepax, Biosafe), which recovered only 23.6 % of the total nucleated cells 
(Richman et al. 2012). Consequently, the bone marrow mononuclear cells deliv-
ered in the LateTIME and TIME trials may have contained smaller numbers of 
CD34+ and CD105+ cells. In addition, 150–160 × 106 unfractionated BMCs may 
not be the most optimal dose of BMCs for stem cell treatment of patients with 
AMI. In addition, bone marrow mononuclear cells from patients with advanced 
age and patients with chronic diseases, such as ischemic heart disease or diabetes 
mellitus, are often functionally impaired, propagate poorly, and have a shortened 
life span (Kissel et al. 2007; Fadini et al. 2010; Orlandi et al. 2010). In meta-anal-
yses of stem cell trials of patients with myocardial infractions or ischemic cardio-
myopathies, bone marrow mononuclear cells produce only a modest increase in 
the LVEF of approximately 2–3 % (Henning 2011, 2012). Consequently, despite 
well-conducted clinical trials, autologous unfractionated BMCs have a small ther-
apeutic effect and may not be the most optimal cells for the treatment of patients 
with AMIs or ischemic cardiomyopathies.
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12.9.2  Red Blood Cell Contamination of Stem Cells

Red blood cell contamination of bone marrow mononuclear cells can significantly 
decrease the migration ability and the efficacy of BMCs. Large numbers of red blood 
cells in the cell preparations cause reduced BMC viability and decreased colony-
forming unit capacity and are associated with reduced recovery of LVEF in patients 
with myocardial infarctions (Assmus et al. 2010). In patients in the REPAIR-AMI 
trial, univariate and multivariate analysis demonstrated that red blood cell con-
tamination of the BMCs prior to infusion into patients with myocardial infarctions 
independently predicted reduced recovery of LVEF (Schaechinger et al. 2006b). 
Moreover, the addition of red blood cells to BMCs dose-dependently decreased neo-
vascularization in ischemic hind-limbs of research animals compared to treatment 
with BMCs without red blood cells (Assmus et al. 2010). The mechanism by which 
red blood cells interfere with bone marrow cell propagation, migration, and neovas-
cularization involves a dose-dependent reduction of BMC mitochondrial membrane 
potential and a decrease in BMC mitochondrial adenosine triphosphate (ATP) pro-
duction (Assmus et al. 2010). As a consequence, mitochondrial metabolism and 
function, stem cell self-renewal, and differentiation are decreased.

12.9.3  Heparin Decreases Stem Cell Migration

Heparin is another factor that can impact on the efficacy of BMCs in patients 
with AMIs. Heparin in a dose-dependent manner can inhibit stromal cell-derived 
factor 1 (SDF-1) induced BMC migration (Seeger et al. 2012; Heeschen et al. 
2004; Murphy et al. 2007). In this regard, homing of BMCs to areas of myocar-
dial ischemia is primarily guided by SDF-1 and its receptor termed chemokine 
receptor 4 (CXCR4). Heparin can bind to SDF-1 and CXCR4 and thereby block 
CXCR4 signaling (Seeger et al. 2012). Incubation of BMCs with 20 U/ml of hepa-
rin for 30 min abrogates SDF-1 BMC migration by 84 % in vitro and significantly 
reduces the homing of injected BMCs to injured and infarcted myocardium by 
50 % in research animals (Seeger et al. 2012). Decreased migratory capacity of 
BMCs also correlates with reduced neovascularization and functional capacity in 
research animals with limb ischemia (Heeschen et al. 2004). The minimal dose 
of heparin that inhibits SDF-1-induced migration of BMC is 0.05 U/ml which 
is significantly less than the heparin dose used in several large trials of BMCs in 
AMI (Seeger et al. 2012). Heparin also interferes with activation of the cell sur-
vival factor Akt (Protein Kinase B) by SDF-1 and CXCR4 and in this manner 
interferes with cell survival and growth. In addition, heparin decreases the levels 
of vascular endothelial growth factor and in this manner limits neovascularization 
(Seeger et al. 2012). In contrast, the thrombin inhibitor bivalirudin does not appear 
to interfere with BMC homing or SDF-1/CXCR4 signaling and does not decrease 
vascular endothelial growth factor.
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Consequently, not only the BMC isolation protocol but also the use of anti-
coagulants such as heparin can have major impact on the functional activity of 
BMCs (Seeger et al. 2007, 2012). The assessment of bone marrow cell number 
and viability by Trypan Blue staining does not accurately reflect the functional 
capacity of BMCs or other stem cells when injected into patients with AMIs. 
Colony-forming unit capacity is a better measure of stem cell viability than 
Trypan Blue staining.

12.9.4  Stem Cell Expulsion from Myocardium

An important factor that impacts on the efficacy of stem cells in patients with 
myocardial infarctions and ischemic cardiomyopathies is the time the stem cells 
actually reside in the myocardium. The majority (90–97 %) of unfractionated 
BMCs injected directly into the myocardium or into the coronary arteries leave 
the myocardium in less than 2 h (Hofmann et al. 2005; Hou et al. 2005). Most of 
the cells are ejected out of the myocardium through the injection sites or through 
the coronary veins and lymphatics into the right heart due to the massaging action 
of the contracting myocardium. The cells are ultimately lodged in the lungs, liver, 
spleen, and kidneys. In addition, approximately 12 % of cells are retained in the 
catheter delivery system after injection (Hou et al. 2005). With the intravenous 
injection of bone marrow or other cells for cardiac repair, the majority of the cells 
become entrapped in the lungs. Consequently, fourfold or greater numbers of stem 
cells are required above that required for intramyocardial or intracoronary injec-
tion for repair of myocardial infarctions (Henning 2011).

12.10  Unfractionated Bone Marrow Stem Cells:  
Quo Vadas? (“Whither Goest Thou?”)

A meta-analysis published in 2014 concluded after reviewing 22 randomized con-
trol trials between 2002 and 2013 of unfractionated bone marrow-derived mono-
nuclear cell therapy in patients with acute myocardial infarction that BMC therapy 
is safe but does not significantly enhance cardiac function based on MRI-derived 
parameters and does not improve 6-month patient outcome (de Jong et al. 2014). 
The results of the BAMI trial, which examines the effects of BMC on patient 
mortality over 3 years, will be important in determining the future of autologous, 
unfractionated bone marrow mononuclear cells in the treatment of patients with 
AMIs (Mathur 2013). In the interim, MSCs, adipose-derived stem cells (ADSCs) 
(which include MSCs), and cardiac stem cells are being investigated for cardiac 
repair in patients with myocardial infarctions and cardiomyopathies.
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12.11  Mesenchymal Stem Cells in Cardiac Repair

In 1970, Friedenstein demonstrated that bone marrow contains not only hemat-
opoietic stem cells but also a small population of MSCs which are also known 
as stromal cells (Friedenstein et al. 1968). These MSCs support the hematopoietic 
stem cells and the development of hematopoietic lineages but also can differentiate 
in vitro into osteoblasts, chondrocytes, adipocytes, and a myocyte phenotype.

The International Society for Cell Therapy has published specific criteria for 
identifying MSCs that include (1) the expression of cell surface proteins CD73, 
CD90, and CD105 in the absence of surface proteins such as CD34, CD45, 
HLA-DR, CD14, CD11b, CD79a, or CD19 when cells are analyzed by fluores-
cence-activated cell sorting; (2) cell adherence to plastic culture dishes during 
standard cell culture conditions; and (3) a cell capacity for differentiation in vitro 
into osteoblasts, adipocytes, and chondroblasts (Dominici et al. 2006).

Human MSCs express modest levels of major histocompatibility complex class 
I human leukocyte antigens (HLA), lack major histocompatibility complex class 
II expression, and do not express co-stimulatory molecules B7 and CD40 ligand 
(Williams and Hare 2011; Majumdar et al. 2003). Consequently, MSCs do not 
cause T-cell proliferation in mixed lymphocyte cultures.

Autologous MSCs have been examined in patients with acute myocardial 
infarctions and ischemic cardiomyopathies and do not cause cardiac arrhythmias 
or significant patient side effects. In this regard, 69 patients who underwent pri-
mary percutaneous coronary angioplasty within 8 ± 3.7 h after onset of acute 
myocardial infarction were randomized to autologous MSCs or saline 3 weeks 
after angioplasty. In the 34 MSC-treated patients, LVEF increased from 49 ± 9 to 
67 ± 3 % at 6 months in comparison with the 35 patients in the control group in 
which the LVEF increased from 48 ± 10 to 54 ± 5 % (Chen et al. 2004).

In a separate study, 20 patients were treated with intravenous allogeneic MSCs 
from a single healthy donor 1–10 days post-myocardial infarction and were 
compared with 14 patients treated with placebo (Hare et al. 2009). Although the 
baseline LVEF was similar in both groups (47.3 ± 3.3 % vs. 45.2 ± 3.4 %), the 
MSC-treated patient showed a 5.2 ± 1.9 % increase in MRI-determined LVEF rel-
ative to baseline after 12 months, whereas the control patients showed an increase 
of only 1.8 ± 1 %.

To date, three studies have examined MSCs in patients with ischemic cardio-
myopathies. In 2007, eight patients with chronic heart failure were reported that 
received MSCs and endothelial progenitor cells at the time of revasculariza-
tion with either coronary artery bypass grafting or percutaneous coronary angio-
plasty (Mohyeddin-Bonab et al. 2007). The LVEF increased significantly from 
38.7 ± 13 % at baseline to 48.8 ± 6.4 % at 18 months in the cell treated patients 
in comparison with a control group in which the LVEF only slightly increased 
from 41.9 ± 8.4 to 42.5 ± 8.9 %. Infarct scar size, measured by Thalium scan, 
decreased from 11 segments to 7.75 segments in the cell treatment group and also 
decreased slightly but significantly from 10.88 to 9.75 segments in the control 
group (Mohyeddin-Bonab et al. 2007).
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In the POSEIDON trial, either autologous or allogeneic MSCs were admin-
istered to 30 patients with ischemic cardiomyopathies (Hare et al. 2012). This 
was an open-label study without a control group. In this study, the LVEF did 
not increase, but allogeneic and autologous MSCs reduced LV scar by 31.6 % 
(C.I. −49.24 to −13.99 %) and 34.9 % (C.I. 48.18–21.68 %), respectively, and 
decreased LV remodeling. The 6-min walk test increased significantly by 65.8 m 
at 12 months in the autologous MSC group but also increased slightly but not sig-
nificantly in the allogeneic MSC group by 19.7 m (Hare et al. 2012).

In the C-CURE trial, 32 patients with ischemic cardiomyopathies were treated 
with MSCs that were injected with the aid of the NOGA endocardial catheter 
mapping system into viable LV myocardium (Bartunek et al. 2013). Before injec-
tion, the MSCs were treated with a cardiogenic cocktail (transforming growth fac-
tor, bone morphogenetic protein, activin, fibroblast growth factor, cardiotrophin, 
thrombin, diaminopyrimidine) that triggered expression of cardiac transcription 
factors. In the treated patients, LVEF, measured by echocardiography, improved 
with MSC therapy from 27.5 ± 1.0 to 34.5 ± 1.1 % versus patients treated with 
standard care in which the LVEF did not significantly change at 6 months after 
treatment. Cell therapy also improved the 6-min walk test in MSC-treated patients 
by 62 ± 18 m versus a decrease in the 6-min walk test of 15 ± 20 m in the stand-
ard care group (Bartunek et al. 2013).

The studies of MSCs in patients with myocardial infarctions and ischemic car-
diomyopathies are promising, but clinical conclusions are limited due to the small 
numbers of studies, the small numbers of patients in each of the studies, and the 
relatively short-term follow-up of patients that received MSCs. Nevertheless, the 
fact that these cells can improve quality of life as evidence by an increase in 6-min 
walk test in patients with ischemic cardiomyopathy is encouraging and suggests 
that the otherwise dire prognosis of these patients with cardiomyopathies can be 
improved at least for the short term. The Safety Study of Allogeneic Mesenchymal 
Precursor Cell Infusion in MyoCardial Infarction (AMICI) in www.ClinicalTrials.
gov and the Safety and Efficacy of Adipose-Derived Regenerative Cells (ADRCs) 
Delivered Via the Intracoronary Route in the Treatment of Patients With 
ST-elevation Acute Myocardial Infarction (ADVANCE) in www.ClinicalTrials.gov 
are investigating the effects of mesenchymal and mesenchymal-like cells on car-
diac repair in more than 200 patients with myocardial infarctions.

12.12  Adipose-Derived Stem Cells (ADSCs)

Adipose tissue is mesodermally derived tissue that consists of adipocytes of vari-
ous sizes. The adipocytes are interspersed in stroma composed of endothelial cells, 
preadipocytes, smooth muscle cells, fibroblasts, leukocytes, and macrophages, 
which are collectively termed the adipose stromal cell fraction (Lin et al. 2010). 
The frequency of adipose stem cells in adult human adipose tissue ranges from 
1:30 to 1:100 cells per total nucleated cells and is dependent on the location of 

http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov
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the adipose tissue and the age of the patient. ADSCs contain mesenchymal surface 
markers such as CD 105, CD90, CD73, CD51, CD49e, and CD29 and also express 
surface markers CD166, CD13, and CD44 but do not express hematopoietic cell 
markers. Microarray analysis and real-time polymerase chain reaction (PCR) 
determinations of ADSCs and BM-MSCs demonstrate that these cells exhibit vir-
tually identical transcriptional profiles for the stem-related genes OCT4, Nanog, 
and Sox2 (Witkowska-Zimny and Walenko 2011).

Less than 1 % of ADSCs expresses HLA-DR protein, which makes these cells 
suitable for allogeneic transplantation without significant risk of rejection (Russo 
et al. 2014). ADSCs can suppress peripheral blood mononuclear cell proliferation 
in vitro and shift lymphocyte Th1 cytotoxic responses to lymphocyte Th2 anti-
inflammatory responses. This anti-inflammatory ADSC effect exceeds that of bone 
marrow MSCs (Witkowska-Zimny and Walenko 2011; Russo et al. 2014).

Adipose cells can be readily obtained by liposuction of a patient and imme-
diately prepared for autologous transplantation without the need for adipose cell 
culture and expansion. Human ADSC has significantly reduced myocardial infarc-
tion size in 8/9 animal studies, substantially improved LVEF, determined by echo-
cardiography, in 9/10 animal studies, and significantly increased the number of 
blood vessels in the infarcted area in 10/10 animal studies (Naaijkens et al. 2014). 
The predominant mechanism of action of ADSC in AMI is through the paracrine 
release of antiapoptotic, immunomodulatory, and proangiogenic factors (Yang 
et al. 2013). These factors are thought to salvage injured cardiomyocytes and stim-
ulate neoangiogenesis in the infarct border zone, thereby limiting scar size and left 
ventricular remodeling after myocardial infarction. Consequently, ADSCs cur-
rently represent an alternative to bone marrow MSCs for the treatment of patients 
with myocardial infarctions.

Based on the promising results of ADSCs in animal studies, several studies of 
adipose stem cells have been performed in patients with acute myocardial infarc-
tion and ischemic cardiomyopathy.

The APOLLO trial was a randomized, double-blind, placebo-controlled clinical 
trial of ADSCs, in concentrations of 17.4 ± 4.1 million cells, administered into 
the coronary arteries of 10 patients with acute ST-elevation myocardial infarction 
(Houtgraaf et al. 2012). In the ADSC-treated patients, the percentage of infarcted 
left ventricle was significantly reduced from 31.6 ± 5.3 to 15.3 ± 2.6 % at six 
months after infarction in contrast to no change in infarct size in the placebo-
treated AMI patients (24.7 ± 9.2 % vs. 24.7 ± 4.1). This decrease in infarct size 
in ADSC-treated patients was associated with a significant decrease of the LV per-
fusion defect in ADSC-treated patients from 16.9 ± 2.1 to 10.9 ± 2.4 % at six-
month follow-up. However, the LVEF in the ADSC-treated patients, measured by 
single-photon emission computerized tomography (SPECT), did not significantly 
differ from the placebo group. This study suggests that autologous ADSCs can 
be safely obtained by liposuction and administered via intracoronary infusion to 
patients with AMI and can produce some reduction of cardiac damage (Houtgraaf 
et al. 2012).
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In the PRECISE trial, patients with ischemic cardiomyopathies with Canadian 
Cardiovascular society Class II to IV angina and/or New York Heart Association 
Class II to II heart failure, not amendable to coronary revascularization, were rand-
omized to receive either the stromal vascular fraction (SVF) of autologous adipose 
tissue or placebo (Perin et al. 2014). Twenty-one patients received the SVF and 
6 patients received placebo. The SVF or placebo was injected transendocardially 
into ischemic areas, which was determined by NOGA unipolar catheter LV volt-
ages > 6.9 mV. In the SVF-treated patients, the total LV mass, determined by car-
diac MRI, increased from baseline to 6 months from 128.1 ± 26 to 149.5 ± 32 g 
but did not significantly change in the control group (from 144.6 ± 52.7 to 
152.6 ± 59.6 g). The absolute mass of the LV infarctions did not significantly 
change (35.1 + 20.4 to 34 + 16.5 g) in the treated patients but increased in the 
control group over 6 months from 29.6 ± 15.9 to 39.0 ± 15.4 g. The global LV 
wall motion score index improved slightly but significantly in the SVF-treated 
patients but did not significantly change in the control patients (Perin et al. 2014). 
The exercise tolerance, measured by metabolic equivalent (MET) values, was pre-
served over time in the ADSC-treated group (4.9 ± 0.8 to 4.9 ± 1.4) but decreased 
significantly (5.3 ± 2.5 to 4.2 ± 2.1) in the control group at 18 months (Perin 
et al. 2014).

Other trials that are examining ADSC include the ATHENA trial (Taylor and 
Dabkowski 2012) and the MyStromalCell trial (Qayyum et al. 2012), which are 
two prospective, randomized, double-blind, placebo-controlled Phase II studies 
that are investigating the effects of ADSCs in patients with chronic ischemic heart 
disease.

Although cellular therapy using adipose tissue in patients with acute myocar-
dial infarctions and ischemic cardiomyopathies is promising, we currently do 
not know the most optimal adipose cell type (mesenchymal cell vs. SVF), the 
most optimal cell number to inject, the most optimal time to inject these cells in 
patients with myocardial infarction, or the most optimal technique (intracoronary 
or transendocardial) with which to inject these cells. Large patient randomized 
studies of ADSCs and SVF are necessary to answer these important questions. In 
addition, MSCs from adipose tissue should be compared with MSCs from bone 
marrow MSCs for the treatment of patients with acute myocardial infarction and 
ischemic cardiomyopathies.

12.13  Cardiac Stem/Progenitor Cells

Cardiovascular investigators have sought alternative stem cells to unfraction-
ated bone marrow stem cells and adipose stem cells for cardiac repair in patients 
with ischemic heart disease. Cardiac stem cells are multipotent stem cells that are 
present in niches in the heart. These cells contribute to the physiological turno-
ver of myocytes and vascular endothelial cells in the heart. The number of cardiac 
stem cells in the heart is small with an estimated one cardiac stem cell per 10,000 
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cardiac myocytes (Beltrami et al. 2003). Consequently, endogenous cardiac stem 
cells are not normally able to reverse heart damage due to myocardial infarctions. 
The physiologic turnover of myocytes by cardiac stem cells in the heart occurs 
at rates of approximately 1 % per year and is dependent on the age, sex, and the 
health of the individual (Kikuchi and Poss 2012).

Autologous cardiac stem cells have been isolated, cultured, propagated, and 
delivered to patients with injured and infarcted myocardium. Two major cardiac 
stem cell types have been investigated in the SCIPIO and CADUCEUS clinical 
trials in patients with ischemic cardiomyopathies: c-kit+ lineage negative cardiac 
stem cells isolated from right atrial appendages and cardiosphere-derived cells 
(CDCs) from cardiospheres grown from right ventricular muscle biopsies.

12.14  C-Kit+ Stem Cells

C-kit+ cardiac stem cells have the capacity for self-renewal, clonogenicity, and 
multi-potency (Bearzi et al. 2007; Anversa et al. 2013). These stem cells can 
express the cardiac transcription factors GATA-4, Nkx2.5, and MEF2 and are 
reported to differentiate into myogenic, vascular endothelial, and smooth muscles 
cells (Bearzi et al. 2007; Kajstura et al. 2010). C-kit is a cell surface receptor for 
stem cell factor, and stem cell factor can chemoattract these stem cells to ischemic 
and injured myocardium. In research animals with myocardial infarctions, c-kit+ 
cardiac stem cells are reported to form new myocytes in the heart (Bearzi et al. 
2007). Consequently, these cells represent an important area of investigation for 
cardiac repair.

Autologous c-kit cardiac stem cells from right atrial appendages have recently 
been investigated for the treatment of patients with ischemic cardiomyopa-
thies in the open-labeled Cardiac Stem Cell Infusion in Patients with Ischemic 
Cardiomyopathy (SCIPIO) trial (Bolli et al. 2011; Chugh et al. 2012; Bolli 2012). 
In this trial, the right atrial appendage was removed from patients during car-
diopulmonary bypass for coronary artery surgery. C-kit positive stem cells were 
then isolated from each patient’s atrial appendage and propagated in cell culture. 
Four months later, approximately one million autologous cardiac stem cells were 
injected back into each patient’s saphenous vein grafts and coronary arteries sup-
plying the infarcted myocardium.

In the SCIPIO trial, the LVEF, which was measured by three-dimensional echo-
cardiography and also by MRI with gadolinium in patients who received cardiac 
stem cells, increased by 11.9 ± 2.7 % absolute units in 12 patients at 2 years after 
treatment (Bolli 2012). Left ventricular infarct scar in 6 patients, determined by 
cardiac MRI, decreased by 15.7 ± 4.7 g at 2 years. This decrease in myocardial 
scar was associated with an increase in viable muscle of 17.9 ± 12.1 g (N = 6) 
at 2 years (Bolli 2012). New York Heart Association Functional Class score 
improved in these patients by 0.9 ± 0.2 at 2 years (N = 13). In this study, c-kit 
cardiac stem cells were postulated to chemoattract the patients’ native stem cells 
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to areas of myocardial injury and also to transdifferentiate to myocytes for cardiac 
repair. A Phase 2 trial of safety and efficacy of c-kit cardiac stem cells in a larger 
group of patients with cardiomyopathy is currently being planned.

12.15  Cardiosphere-Derived Cells (CDCs)

Percutaneous endomyocardial biopsy specimens of the right ventricular septal 
wall in patients, when grown in culture, can yield spherical multicellular clusters 
termed cardiospheres. Cardiospheres are a mixture of stromal, mesenchymal, and 
hematopoietic progenitor cells that contain cells that express CD 105 (a transform-
ing growth factor beta-receptor subunit commonly associated with MSCs) and 
partially express c-kit (Smith et al. 2007; Li et al. 2012). CDCs, when injected 
into the border zone of myocardial infarctions in mice, engrafted and increased 
the viable myocardium (Li et al. 2012). The functional benefit of CDCs is thought 
to be predominantly due to the secretion of growth factors and the recruitment of 
endogenous stem cells to injured and infarcted myocardium for myocyte genera-
tion (Li et al. 2012; Chimenti et al. 2010). In this regard, cardiospheres and CDCs 
can secrete the growth factors angiopoietin-2, basic fibroblastic growth factor, 
hepatocyte growth factor, insulin-like growth factor-1, stromal-derived factor-1, 
and vascular endothelial growth factor (Li et al. 2012; Chimenti et al. 2010).

Autologous CDCs have been investigated in the treatment of patients with 
ischemic cardiomyopathies in the open-labeled Cardiosphere-derived Autologous 
Stem Cells to Reverse Ventricular Dysfunction (CADUCEUS) trial (Makkar 
et al. 2012). In this trial, 17 patients, post-myocardial infarction with LVEFs of 
25–45 %, underwent endomyocardial biopsies of the right ventricular septum. 
CDCs were obtained from cultures of the endomyocardial biopsies from each 
patient, and the cells were propagated in cell culture. A total of 12.5 and 25 mil-
lion autologous CDCs were then given directly into the infarct-related coronary 
artery of each of the 17 patients 1.5–3 months after their myocardial infarctions 
in the CADUCEUS trial. The one-year follow-up of 12 of the 17 patients treated 
with autologous CDCs and 8 control patients have been presented (Makkar et al. 
2012; Malliaras et al. 2014). Cardiac MRI with gadolinium was used for the deter-
mination of most endpoints. Left ventricular scar mass significantly decreased by 
a mean of 11.9 ± 6.8 g in CDC-treated patients and by 1.7 ± 7.8 g in patient 
controls. Left ventricular viable mass increased substantially by a mean of 
22.6 ± 9.4 g in treated patients in comparison with 1.8 ± 8.7 g in patient controls. 
LVEFs did not significantly increase but the regional wall function of infarcted 
segments did increase and correlated with the decrease in LV myocardial scar size 
(Makkar et al. 2012; Malliaras et al. 2014). Although adverse events were slightly 
greater in the treated patients than in the control patients, the events were not sig-
nificantly different between the two groups. The ALLSTAR trial is a Phase 2 study 
of CDCs currently in progress that involves allogeneic CDCs for the treatment of 
patients after myocardial infarction (www.ClinicalTrials.gov).

http://www.ClinicalTrials.gov
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12.16  Critique of the Scipio and Caduceus Trials

The SCIPIO and CADUCEUS trials utilized unique cardiac stem cell popula-
tions in a highly selected patient population with myocardial infarctions. In the 
SCIPIO trial, 1545 patients were evaluated. Two hundred and thirteen patients had 
LVEFs <40 %, and 20 patients were treated with CSCs. All patients had echocar-
diographic determinations of LVEF, and 12 of 20 patients had MRI determinations 
of left ventricular function. Control patients did not have MRI determinations of 
left ventricular function. In the CADUCEUS trial, approximately 436 patients 
were evaluated and 17 patients received CDCs. Consequently, these trials report a 
highly selected patient population, and the results of these trials cannot be applied 
to all patients with myocardial infarctions and ischemic cardiomyopathies. Much 
larger trials of each of these cell types in patients with myocardial infarctions are 
necessary.

In each of these studies, LV infarction was defined by MRI of delayed enhance-
ment of myocardium in the region of coronary artery occlusion/reperfusion due to 
gadolinium that leaked from myocardial capillaries and pooled in the myocardial 
interstitial space and intracellular spaces of infarcted myocytes. In these patients, 
the gadolinium volume of distribution was increased and washout from the myo-
cardium was reduced. However, c-kit+ cardiac stem cells and CDCs can incorpo-
rate into damaged blood vessels in infarcted myocardium. In addition, these stem 
cells can chemoattract endogenous stem cells that can form entirely new blood 
vessels (vasculogenesis) and can also secrete angiogenic growth factors that stim-
ulate new blood vessels from preexisting vessels (angiogenesis). Consequently, 
the blood vessels in the damaged myocardium of patients treated with these stem 
cells were possibly less permeable to gadolinium (Murry 2012). Infarct scars can 
potentially appear smaller on MRI due to less gadolinium leak as well as myo-
cardial infarction contracture, and therefore, “viable” myocardium can actually 
appear larger with MRI. MRI also cannot distinguish hypertrophic cardiac myo-
cytes from myocyte hyperplasia (Murry 2012). Moreover, inter-scan variability 
and intra- and inter-observer variability in infarct measurements and interpreting 
MRI scans can account for some myocardial changes between pre- and post-
stem cell infusion (Kwong and Farzaneh-Far 2011). Rebuttals to these arguments 
against the use of contrast-enhanced MRI in estimating infarct size and myocar-
dial regeneration after stem cell treatment have been published by the Caduceus 
Investigators (Malliaras et al. 2013). The rebuttal is based on a porcine myocar-
dial infarction study in which allogeneic CDCs decreased infarct scar size and 
lead to cardiomyocyte hyperplasia on MRI and also on histological examination 
(Malliaras et al. 2013). Nevertheless, anatomical and histological examinations of 
myocardial biopsies or myocardial autopsy examinations of patients treated with 
these stem cells are necessary to determine whether the infarct fibrosis is signifi-
cantly decreased and whether the substantial generation of new myocytes occurs 
in patients treated with c-kit+ cardiac stem cells and CDCs.
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The fact that there is long-term improvement in the LVEFs by echocardiogra-
phy and MRI in the SCIPIO trial and improvement in LV regional wall motion 
and LV thickening by MRI in the CADEUCUS trial suggests that the cardiac stem 
cells can reduce myocardial inflammation and scar formation, preserve injured 
myocytes, and chemoattract endogenous stem cells for myocardial repair. Trials 
of larger numbers of patients treated with CDCs and cardiac stem cells, such as 
the ALLSTAR trial (Marban NCT0 1458) and the proposed Phase II SCIPIO trial 
(Loughran et al. 2012), are warranted to determine the precise mechanisms of car-
diac stem cell action and their benefit in patients over long periods.

12.17  Other Cell Types: Human Umbilical Cord Blood 
Stem Cells (hUCBC)

Four million births occur each year in the USA and approximately one hun-
dred and thirty-four million births occur each year throughout the world. Human 
umbilical cord blood mononuclear cells (hUCBCs) are a source of hematopoietic, 
endothelial, and MSCs (Broxmeyer 1998; Broxmeyer et al. 1992; Bieback et al. 
2004). The total content of hematopoietic progenitor cells in umbilical cord blood 
equals or exceeds that of bone marrow, but the highly proliferative hematopoi-
etic stem cells are eightfold higher in hUCBC than in bone marrow and can be 
enriched by as much as 77–95 % (Broxmeyer et al. 1989; Piacibello et al. 1997). 
Human umbilical cord mesenchymal stem cells, which are present in cord blood 
and also umbilical cord tissue, are in the G0/G1 stage of the cell cycle but are 
capable of proliferating with a population-doubling time of 48 h (Bieback et al. 
2004; Erices et al. 2000).

Human cord blood mononuclear cells are currently used for repopulating 
BMCs in patients treated for acute leukemia, chronic myeloid leukemia, myelod-
ysplastic syndrome, neuroblastoma, and non-malignant diseases such as Fanconi’s 
anemia and aplastic anemia (Broxmeyer 1998; Gluckman 2009). These cord 
blood cells contain less CD3+, CD4+, and CD8+ immune cells than human adult 
blood cells and rarely express HLA class II antigens. In addition, cord blood T 
cells express CD45RA antigen which indicates that they are immunologically 
naïve (Broxmeyer 1998). This significantly reduces the risk of rejection by the 
host (Broxmeyer 1998; Henning et al. 2004). Moreover, hUCBC can be cryopre-
served for periods of 20 or more years with the recovery of 60–100 % viable cells 
(Broxmeyer 1998). Consequently, hUCBC can be readily available for the treat-
ment of damaged hearts.

Human umbilical cord mononuclear cells have been given to research animals 
with acute myocardial infarctions. In animal studies, hUCBCs have significantly 
limited the size of myocardial infarctions by ≥50 % and reduced LV remodeling 
thereby preserving LV ejection fraction and the rate of rise and fall of LV pressure 
(dP/dt) without requirements for host immune suppression (Henning et al. 2004, 
2006, 2007, 2008, 2010). The optimal number of hUCBC for infarct size reduction 
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in rodents with myocardial infarctions is four million cord cells when adminis-
tered directly into the peri-infarct area or into the coronary arteries and 16 mil-
lion cord blood cells when administered intravenously (Henning et al. 2007). The 
optimal time for injection of these cells in order to minimize infarct size is 2–24 h 
after the onset of acute myocardial infarction (Henning et al. 2006).

Human umbilical cord blood cells significantly limit the expression of inflam-
matory cytokines in acutely inflamed and infarcted myocardium. Within 12 h of 
acute infarctions in untreated research animals, the myocardial concentration of 
tumor necrosis factor alpha, monocyte chemoattraction protein, fractalkine, IL6 
ciliary neurotrophic protein, macrophage inflammatory protein, and interferon-
gamma increases two to as much as eightfold in comparison with cytokine con-
centrations in non-infarcted myocardium (Henning et al. 2008). In contrast, these 
inflammatory cytokines do not significantly change between 2 and 72 h after 
coronary occlusion in myocardial infarctions treated with hUCBC (Henning et al. 
2008). Moreover, hUCBCs also significantly limit the myocardial infiltration of 
inflammatory neutrophils and lymphocytes into acute infarctions. For example, 
the percentage of neutrophils in untreated myocardial infarctions within 12 h of 
coronary occlusion significantly increases more than 130-fold from 0.04 ± 0.2 
to 5.3 ± 1.2 %/50,000 ventricular myocytes in research animals (Henning et al. 
2008). In contrast in the  hUCBC-treated myocardial infarctions, the percentage of 
neutrophils is significantly less and averages only 1.3 ± 0.7 %/50,000 heart myo-
cytes. Moreover, the percentages of neutrophils/50,000 cardiac myocytes at 24 and 
72 h in hUCBC-treated infarcted hearts are not significantly different from normal 
controls (Henning et al. 2008). Similarly, at 24 and 72 h after coronary occlusion, 
the percentage of CD3 and CD4 lymphocytes in infarcted myocardium are twofold 
greater in untreated infarcted hearts in comparison with hUCBC-treated infarcted 
hearts (Henning et al. 2008). The hUCBC-induced reduction in inflammatory cells 
and inflammatory cytokines in these investigations is associated with left ventricu-
lar infarct sizes that are more than 40–50 % smaller in hUCBC-treated infarctions 
and LV ejection fractions that are more than 10 % greater at 1 and 2 months post-
infarction than untreated infarctions (Henning et al. 2008).

An additional mechanism whereby hUCBC may be beneficial in ischemic/
infarcted myocardium is by stimulating new blood vessel formation (Henning 
et al. 2004; Ma et al. 2005; Murohara et al. 2000). Endothelial progenitor cells are 
normal components of umbilical cord blood that can release pro-angiogenic mol-
ecules such as vascular endothelial growth factor (Ma et al. 2005; Murohara et al. 
2000). These cells can also express KDR, Tie2/Tek, and VE-cadherin, which are 
expressed by endothelial cells during new blood vessel formation (Murohara et al. 
2000; Nieda et al. 1997). In addition, CD34+ hUCBCs integrate into the walls of 
blood vessels in the periphery of injured tissue and can increase capillary density 
in ischemic/infarcted muscles (Murohara et al. 2000; Pesce et al. 2003; Hirata 
et al. 2005).

When subjected to 1 % oxygen or hydrogen peroxide (H2O2)-induced free 
oxygen radical stress, hUCBC significantly increase the secretion of hepatocyte 
growth factor, insulin-like growth factor vascular endothelial cell growth factor, 
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placental growth factor, IL-10, and angiogenin (Pesce et al. 2003; Henning et al. 
2012; Jin et al. 2013; Henning et al. 2014). These hUCBC paracrine factors can 
significantly increase in cardiac myocytes the activation of the cell survival protein 
Akt (Protein kinase B) which can decrease activation of the myocyte death pro-
teins JNK and p38 and thereby preserve myocyte viability by limiting or prevent-
ing myocyte apoptosis and necrosis (Henning et al. 2012; Jin et al. 2013; Henning 
et al. 2014).

Currently, hUCBCs are being processed for the development of vascular grafts 
and heart valves for the treatment of newborns with congenital heart defects. In 
addition, Phase 1 studies are being performed with the use of hUCBC in the treat-
ment of patients with angina pectoris that is refractory to medical therapy and who 
are not candidates for surgical or angioplasty coronary revascularization.

12.18  A Stem Cell Perspective

Although different stem cells are available for cardiac repair, the optimal stem cell 
for the treatment of all patients with infarcted myocardium remains to be deter-
mined. The optimal stem cell should permit transplantation into different patients 
without requirements for patient immune suppression therapy. Current cell candi-
dates that are undergoing investigations in patients include allogeneic bone mar-
row MSCs and CDCs. New techniques must be developed to enhance the survival 
and propagation of these stem cells without increasing the risks of neoplastic 
differentiation.

Cell banks should be established that provide readily available, undifferen-
tiated, but accurately characterized allogeneic stem cells that have significant 
capacity for in vitro and in vivo propagation for the treatment of patients with 
heart disease. The optimal number of stem cells and the optimal timing of stem 
cell transplantation into patients’ hearts after myocardial infarction must be sys-
tematically investigated to maximize the chemoattraction of stem cells to ischemic 
and infarcted myocardium and facilitate myocardial healing. In this regard, the 
repeated administration of stem cells to patients will probably be necessary via 
intracoronary or intravenous injections and should be investigated.

Investigations must determine whether intramyocardial, intracoronary, or 
intravenous injection is most optimal for cardiac repair. With intracoronary or 
intravenous injections, large numbers of MSCs can cause cell clumping and 
microinfarctions in the heart or lungs. Multiple intramyocardial injections can 
be associated with high rates of stem cell leakage from the myocardium, disrup-
tion of the extracellular matrix of the myocardium, and scar formation, thereby 
potentiating the formation of arrhythmogenic foci. Although some stem cells 
injected intravenously do reach the heart, many stem cells become lodged in 
the lungs. Consequently with intravenous injections, the number of stem cells 
required for cardiac repair can be fourfold greater than the numbers required for 
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intramyocardial or intracoronary injection for cardiac repair (Henning et al. 2007). 
Pulmonary function studies and oxygen saturation levels should be monitored. 
Moreover, strategies must be developed to facilitate the homing to the heart of 
stem cells that are injected intravenously.

Enhancement of stem cell engraftment in the heart is mandatory for optimizing 
the therapeutic benefits of these cells. Currently, less than 10 % of the stem cells 
remains in the heart 1–2 h after injection into the beating heart (Hofmann et al. 
2005; Hou et al. 2005). Ninety percent or more of the cells are expelled from the 
intramyocardial injection site or are extruded from the myocardium through the 
coronary veins and lymphatics due to the massaging action of the heart. The stem 
cells then migrate to the lungs, liver, spleen, and kidneys (Hofmann et al. 2005). 
Potential treatment strategies to ensure that stem cells remain in the myocardium 
include co-delivery of stem cells with extracellular matrix molecules, nanofib-
ers, fibrin glues, or other drugs, or applying stem cell patches to the epicardium 
(Henning 2011, 2012).

Significant discrepancies exist between the paucity of stem cells that actually 
engraft in the heart and the improvement in heart function that can occur with 
stem cell therapy. This suggests that the beneficial effects of stem cells are due to 
the release of biologically active growth factors and anti-inflammatory cytokines 
that protect cardiomyocytes and vascular endothelial cells in the injured myocar-
dium. These biologically active factors can potentially limit myocyte apoptosis, 
necrosis, and extracellular matrix remodeling, stimulate angiogenesis, and recruit 
endogenous stem cells to the damaged myocardium. Consequently, growth factors 
and anti-inflammatory cytokines secreted by stem cells must be isolated, identi-
fied, purified, expanded, and investigated as new pharmacologic therapies for car-
diac repair.

Imaging and hemodynamic measurement endpoints must be uniformly 
employed to demonstrate benefit, permit comparisons of different stem cell inves-
tigations, and provide insights into stem cell mechanisms of action. In this regard, 
MRI should be uniformly employed to measure changes in cardiac regional wall 
motion, ejection fraction, ventricular end-systolic and end-diastolic volumes, and 
left ventricular mass.

Additional basic science, preclinical, and clinical studies are required in order 
to address and answer the unresolved issues discussed in this chapter regarding 
stem cells in cardiac repair. These studies will require the close cooperation, the 
interaction, and the financial support of basic scientists and clinicians throughout 
the world. In this way, cell-based therapy in the twenty-first century will offer new 
hope to the millions of patients with heart disease who would otherwise suffer 
from the inexorable downward progression of the heart disease and heart failure.
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Abstract Human urological diseases, such as bladder outlet obstruction, overac-
tive bladder, and neurogenic bladder, are caused by inappropriate muscular activ-
ity in the muscles of the bladder wall. These muscles often cannot be controlled 
in patients with spinal cord injury (SCI), traumatic brain injury (TBI), diabetes, 
or dementia. Stem cell therapy for the bladder has generally been directed to areas 
of bladder dysfunction, and the therapeutic efficacy of stem cells is thought to be 
derived from their ability to differentiate into various cell types. However, stem 
cell therapy for bladder dysfunction has been limited to laboratory experiments, 
with less emphasis on the potential of stem cell therapy to contribute to bladder 
regeneration. Adipose-derived mesenchymal stem cells (AD-MSCs), bone marrow 
mesenchymal stem cells (BM-MSCs), and muscle-derived stem cells (MDSCs) 
have been used for transplantation to treat bladder dysfunction; reconstitution of 
restoration of bladder dysfunction is achieved through effects on migration, differ-
entiation, and paracrine signaling. In this review, we discuss the characteristics of 
stem cells and their potential applications in human urological diseases.

Keywords Urological disease · Bladder dysfunction · Mesenchymal stem cell

13.1  Introduction

Bladder dysfunction could arise because of neurological impairment. For exam-
ple, various human urological diseases, such as neurogenic bladder, bladder out-
let obstruction (BOO), and overactive bladder (OAB), are caused by inappropriate 
muscular activity in the bladder wall, resulting from spinal cord injury (SCI), trau-
matic brain injury (TBI), diabetes, or dementia. Although many patients suffer 

H.J. Lee (*) · S.S. Choi 
Biomedical Research Institute, Chung-Ang University College of Medicine, Seoul, Korea
e-mail: leehj71@gmail.com



318 H.J. Lee and S.S. Choi

from these urological diseases, there is no effective therapy for the treatment of 
bladder dysfunction. Moreover, bladder dysfunction is a major medical problem 
that has social implications due to quality of life issues (Ku 2006).

Stem cell therapy may represent a new therapeutic strategy for the treatment 
of bladder dysfunction. The therapeutic efficacy of stem cells is derived from 
their ability to differentiate into various cell types and produce therapeutic gene 
products. Mesenchymal stem cells (MSCs) are multipotent stromal cells that have 
self-renewing capacity and can differentiate into various cell types, including oste-
oblasts, chondrocytes, adipocytes, myocytes, and neurons (Jiang et al. 2002; Nagai 
et al. 2007; Pittenger et al. 1999; Prockop 1997; Sharma et al. 2006). These stem 
cells can distribute and integrate throughout the whole body after transplantation. 
Previous studies have reported that the transplantation of bone marrow-derived 
MSCs induces the reduction of collagen deposition in fibrosis in various tissues, 
such as the liver, lung, and heart (Abdel Aziz et al. 2007; Fang et al. 2004; Ohnish 
et al. 2007; Ortiz et al. 2003).

Adipose-derived mesenchymal stem cells (AD-MSCs), bone marrow mesen-
chymal stem cells (BM-MSCs), and muscle-derived stem cells (MDSCs) are used 
for transplantation to treat bladder dysfunction. Stem cells can reconstitute and 
restore the bladder tissue via migration, differentiation, and paracrine effects.

In this review, we will discuss general information and pathological aspects of 
bladder dysfunction. Additionally, we will describe the current status of stem cell 
therapy for bladder dysfunction and discuss future directions for research on this 
topic.

13.2  Pathology of Bladder Dysfunction

Although numerous treatments for bladder dysfunction have previously been 
developed, no major improvements in bladder dysfunction have been achieved. 
For the study of bladder dysfunction, several bladder dysfunction models have 
been developed; however, these models are still not optimized or validated. 
Moreover, studies seeking to better understand the effects and mechanisms of 
BOO at a cellular level are still in preliminary phases.

13.2.1  Bladder Outlet Obstruction (BOO)

BOO is a well-known and well-established model of bladder dysfunction. Medical 
and surgical efforts to treat and prevent BOO are ongoing.

Benign prostatic hyperplasia (BPH) is one of the most common benign diseases 
in men that can lead to BOO, benign prostatic enlargement (BPE), and lower uri-
nary tract symptoms (LUTS) (Roehrborn 2005). BOO is found in about 60 % of 
symptomatic and 52 % of asymptomatic men with BPH; moreover, while BOO 
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can occur in both men and women, it is more frequent in older men (Song et al. 
2012). Only, pressure-flow studies are able to accurately diagnose BOO. However, 
because pressure-flow studies are invasive, expensive, and time-consuming, meas-
urements of free uroflowmetry, post-void residual urine, and prostate volume are 
used to estimate BOO in men with BPH in the clinical setting (Oelke et al. 2007).

BOO occurs where there is some impediment to the normal smooth, complete, 
and rapid voiding of the bladder and has various functional or anatomical etiol-
ogies. Interestingly, BOO has been shown to be caused by collagen deposition, 
which occurs frequently in the bladder during various pathological processes and 
eventually induces bladder fibrosis, finally resulting in a flaccid bladder. Bladder 
fibrosis in turn leads to weakening of the smooth muscle function and problems 
with incontinence. Thus, BOO alters the properties of smooth muscle and collagen 
in the bladder wall, including bladder instability (Kim et al. 2013).

Typical obstructive symptoms of BOO include hesitancy, sensation of incom-
plete bladder emptying, diminished urinary stream, and post-voiding urinary drib-
bling. Treatment of BOO includes medications or surgery (Dmochowski 2005).

13.2.2  Overactive Bladder (OAB)

Millions of people in the USA live with OAB. OAB is a symptom syndrome, not 
a diagnosis, and involves urinary symptoms of urgency, with or without urge uri-
nary incontinence, usually associated with frequency and nocturia (Tincello et al. 
2014). Symptoms may also be made worse by stress, caffeine in tea, coffee, cola, 
and alcohol. It is estimated that 0.3–75 % of adults suffer from OAB in the pres-
ence or absence of urge urinary incontinence, with incidences varying based on 
sex and age (Rashid and Ockrim 2013). In Germany, the cost of OAB is around 
3.57 billion Euros per year, similar to that of diabetes and dementia.

Conservative treatment for OAB involves lifestyle modifications and pelvic 
floor exercises. Additional and available treatments for OAB include anticholin-
ergics and newer beta-three agonists via oral and transdermal administration and 
percutaneous posterior tibial nerve stimulation. OAB can be managed by surgical 
approaches such as intravesical botulinum toxin and sacral neuromodulation, with 
augmentation cystoplasty and urinary diversion occurring during end-stage disease 
(Tincello et al. 2014).

13.2.3  Neurogenic Bladder

Neurogenic bladder is the result of problems with nerves in the body that may 
control how the bladder stores or empties urine. These conditions include OAB, 
incontinence, and obstructive bladder, in which the flow of urine is blocked. Many 
women and men suffer from these bladder problems, including people with illness 
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and nerve injury, such as multiple sclerosis (MS), Parkinson's disease (PD), stroke, 
or SCI. People who are born with problems of the spinal cord, such as spina bifida, 
may also have this type of bladder problem.

In people with neurogenic bladder, the nerves and muscles do not work 
together correctly, and as a result, the bladder may not fill or empty correctly. 
Because of damage to nerves, bladder muscles may be overactive and contract 
involuntarily more often than normal and before the bladder is full. In some peo-
ple, the bladder muscles may be underactive and too loose, letting urine to pass. 
Additionally, the bladder may not contract when it is full and will not empty com-
pletely. The sphincter muscles around the urethra may also not work properly. 
Treatment approaches for neurogenic bladder include medicines, physical–psy-
chological therapy, electrical stimulatory therapy, intermittent self-catheterization, 
and surgery.

13.3  Animal Models of Bladder Dysfunction

Research of human diseases depends on clinical research and both in vitro and in 
vivo model systems. Animal models for human disease are used to understand the 
pathogenesis of human diseases at a cellular and molecular level and to provide 
systems for developing and screening new therapies (Lieschke and Currie 2007).

Because of the similarities of human and animal genetics, anatomy, and phys-
iology, animal models are used in the study of human disease. In addition, ani-
mal models are often preferable for disease research due to their unlimited supply 
and ease of manipulation. Rodents are the most common type of animal for use 
in experimental studies, and mice and rats in particular are frequently used for 
human disease studies, not only because their genomes are so similar to that of 
humans, but also because of their availability, ease of handling, high reproductive 
rates, short life span, and relatively low cost. Because it is important to mimic the 
pathological aspects of human disease in animal models, the use of appropriate 
animal models is required to achieve successful results.

13.3.1  Bladder Outlet Model

BOO is one of the most common problems in elderly men with collagen depo-
sition, resulting in bladder fibrosis and flaccid bladder, which further compro-
mises smooth muscle function and bladder elasticity (Elbadawi et al. 1993). BOO 
changes the properties of smooth muscle and collagen, affecting bladder stabil-
ity (Steers and De Groat 1088). Compensated bladder dysfunction with OAB is 
expected after 6 weeks (Elbadawi et al. 1993).

An animal model of BOO can be artificially created by partial surgical obstruc-
tion of the bladder outlet. Obstruction of the bladder outlet decreases local blood 
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flow and induces significant tissue ischemia. Increased intraluminal pressure 
induces vessel compression, following by fibrosis and hypertrophy, thereby result-
ing in bladder dysfunction (Ghafar et al. 2002; Levin et al. 2003).

The cryoinjured model also induces bladder hypertrophy with loss of smooth 
muscle and increased collagen, a mechanism similar to that of the BOO model (De 
Coppi et al. 2007).

13.3.2  OAB Model

The spontaneous hypertensive rat (SHR) is a genetic model of multifactorial 
hypertension. This model resembles human hypertension. SHRs have been shown 
to exhibit abnormal bladder function and hyperactive behavior, concurrent with 
reduced bladder capacity and micturition volume, increased urinary frequency, and 
a greater occurrence of nonvoiding contractions. This model can be used to study 
detrusor overactivity (DO) and OAB (McMurray et al. 2006; Jin et al. 2009).

There is correlation between LUTS and erectile dysfunction (Ponholzer et al. 
2004; Boyle et al. 2003). When rats were fed a high-fat and/or high-cholesterol 
diet, fatty rats exhibited increased urinary frequency and showed a greater number 
of nonvoiding contractions during bladder filling on awake cystometry (Rahman 
et al. 2007; Son et al. 2007). Chronic ischemia is induced in hyperlipidemic ani-
mal models, and transforming growth factor-β1 increases in the bladder, leading to 
fibrosis and noncompliance (Azadzoi et al. 1999).

Bladder ischemia has been shown to be associated with detrusor contractions 
during bladder filling in rabbits (Azadzoi et al. 1999). The upregulation of puriner-
gic receptors in the urothelium and bladder nerve bundles has been reported in 
bladder ischemia (Rahman et al. 2007). The bladder ischemia model is established 
using bilateral iliac artery ligation or hyperlipidemia (Chen et al. 2012; Huang 
et al. 2010). Artery stenosis and blood insufficiency can cause alterations in blad-
der structure and functionality (Azadzoi 2003). The pathological and functional 
changes in the ischemic model are similar to those observed in human aging detru-
sor (Chen et al. 2012).

Diabetes also induces bladder dysfunction in a time-dependent manner, leading 
to both storage and voiding problems in the bladder. In the early phase, this model 
exhibits DO with urinary frequency and urgency. However, the progression of dia-
betes, oxidative stress, and neuropathy leads to the underactive or atonic bladder 
(Daneshgari et al. 2009).

13.3.3  Neurogenic Bladder Model

Injuries in or diseases of the central nervous system (CNS) can disrupt voluntary 
control of micturition in the bladder, leading to bladder dysfunction (Andersson 



322 H.J. Lee and S.S. Choi

and Pehrson 2003). These mechanisms are highly complex and depend on the 
location and extent of the neurological injury.

SCI is one of the commonest neurological models and induces complete dete-
rioration of bladder compliance, function, infection, and other lower urinary tract 
complications (Yoshiyama et al. 1999). In a rat SCI animal model, increased blad-
der wall thickness has been observed, with the bladder wall containing a higher 
proportion of collagen (Nagatomi et al. 2004). The goal of bladder treatment in 
patients with SCI is to reduce infections, preserve renal function, and improve 
patients’ quality of life. Because it is difficult to regenerate new neurons and glial 
cells in the CNS, bladder functional recovery is limited following SCI.

A number of neurodegenerative disorders cause bladder dysfunction in humans, 
including cerebrovascular events, Alzheimer’s disease (AD), PD, amyotrophic 
lateral sclerosis (ALS), and MS. This leads to the development of DO with an 
increase in micturition frequency and a reduction in bladder capacity (Yokoyama 
et al. 1997), and these changes persist for several months (Yokoyama et al. 1998). 
Some transgenic animal models of these diseases, e.g., AD and ALS, are available.

13.4  Mesenchymal Stem Cells (MSCs)

Stem cells are pluripotent cells that propagate through self-renewal and differenti-
ate into mature cells of multiple lineages (Masters et al. 2008). Given their unique 
abilities of site-specific migration, plasticity, and potential for tissue repair or 
regeneration, stem cells and their relationship to repair injury or damage in various 
organ systems have attracted much interest in a variety of fields.

MSCs are self-renewing cells with pluripotent capacity to differentiate into 
various cell types, including osteoblasts, chondrocytes, myocytes, adipocytes, and 
neurons (Jiang et al. 2002). All MSCs, including BM-MSCs, skeletal MDSCs, and 
AD-MSCs, exhibit similar biological properties and therapeutic capabilities.

BM-MSCs are clinically attractive cells because of their availability; bone mar-
row samples can be obtained easily from patients at the bedside, and BM-MSCs 
can then be identified by the detection of cell surface markers. After expansion in 
culture, these autologous MSCs are transplanted back into the patient, avoiding 
ethical problems and immune-related rejection. The cells can then be delivered by 
various transplantation routes, such as direct injection into the cerebrospinal fluid 
(CSF) or intravenous (IV) delivery. (Bakshi et al. 2006).

MSCs augment healing through cell replacement and stimulation of cell prolif-
eration and angiogenesis. While numerous reports have demonstrated the ability 
of MSCs to engraft tissues, such as the lungs, liver, heart, and brain, data are still 
scarce concerning the ability of MSCs to repair bladder dysfunction (Zhao et al. 
2005; Sakaida et al. 2004; Li et al. 2008). However, AD-MSCs, pluripotent stem 
cells that are abundant and easy to collect (Zuk et al. 2001; Lin et al. 2008), have 
demonstrated efficacy in experimental studies of urologic conditions (Albersen 
et al. 2010; Huang et al. 2010). Additionally, MDSCs, which can be obtained 
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easily and safely during surgery for autologous transplantation, are used mainly in 
models of artificial injury, including pelvic nerve injury. Indeed, transplantation of 
these cells can lead to differentiation into skeletal muscle cells, vascular cells, and 
peripheral nervous cells (Tamaki et al. 2005, 2007), supporting the potential appli-
cation of MDSCs in human urological disorders.

13.5  Stem Cell Therapy

BM-MSCs can give rise to neuronal cells in vitro and in vivo (Bakshi et al. 2006; 
Mezey et al. 2000). In multiple studies, unfractionated bone marrow cells dif-
ferentiated into neural cells, with remyelination observed after transplantation 
into the damaged area of the CNS (Kabos et al. 2002; Brazelton et al. 2000). 
BM-MSCs have also been shown to improve remyelination and survival of oligo-
dendrocytes in demyelinating injury (Zhang et al. 2008). These findings suggest 
that BM-MSCs may have a therapeutic role in SCI and have the ability to form 
functional myelin (Akiyama et al. 2002). The therapeutic effects in various animal 
models were listed in Table 13.1.

Table 13.1  The effect of stem cells for bladder dysfunction

Animal 
model

Stem cell Gene Transplantation 
route

Results References

BOO in rat BM-MSC Direct 
transplantation

Improvement  
of bladder  
function (BF)

58

BOO in rat BM-MSC HGF Direct 
transplantation

HGF gene is helped 
to improve bladder 
function, smooth 
muscle differentiation

12

BOO in mice BM-MSC IV Expression 
of chemokine  
CCL2, improvement  
of bladder function

56

BOO in mice BMD cell Direct 
transplantation

CCL2 induction 
increased,  
improvement  
of bladder function

57

BOO in rat BM-MSC Direct 
transplantation

Improvement  
of bladder function,  
smooth muscle 
differentiation

59

Chronic 
ischemia 
in rat

BM-MSC Intra-arterial 
injection

Improvement  
of bladder function

31

(continued)
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Cells in the CD34+/CD45− fraction (Sk-34 cells) and CD3−/CD45− fraction 
(Sk-DN cells) are able to synchronously reconstitute nerve–muscle–blood ves-
sel units after transplantation (Tamaki et al. 2005, 2007). Moreover, CCL2 tran-
script levels have been shown to be increased twofold in animals transplanted with 
MSCs (Woo et al. 2011). Changes in CCL2 expression have also been reported in 
an animal model of BOO; in this study, transplanted BM-MSCs were integrated 
and survived in the urothelial and stromal layers, inducing activation of epidermal 
growth factor receptor to facilitate survival (Tanaka et al. 2009). Thus, transplanta-
tion of MSCs may be used to improve bladder compliance.

Animal 
model

Stem cell Gene Transplantation 
route

Results References

Chronic 
ischemia 
in rat

AD-MSC Direct 
transplantation/IV

Smooth muscle 
 differentiation,  
improvement  
of bladder function

48

Diabetes in 
rat

AD-MSC Direct 
transplantation/IV

Improvement  
of bladder function

70

Cryoinjury 
in rat

BM-MSC Direct 
transplantation

Smooth muscle 
differentiation

23

Cryoinjury in 
mice

MDSC Direct 
transplantation

Ex vivo gene transfer 
using β-galactosidase, 
improvement  
of bladder  function, 
smooth muscle 
differentiation

64

Cryoinjury in 
mice

AD-MSC Direct 
transplantation

Smooth muscle  
differentiation via 
TGF-β signaling

65

Pelvic nerve 
injured in rat

MDSC Damaged nerve 
lesion

Improvement of 
bladder  
function, smooth 
muscle differentiation

73

Pelvic nerve 
injured in rat

MDSC Damaged nerve 
lesion

Autograft, 
 improvement  
of bladder function

66

SCI in rat NSC Damaged cord 
lesion

Improvement  
of bladder function

66

SCI in rat BM-MSC Damaged cord 
lesion

Improvement  
of bladder function

62

SCI in rat BM-MSC IV Improvement  
of bladder function

67

Table 13.1 (continued)
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Additional studies have supported this notion. Indeed, in a recent study of pri-
mary human MSCs labeled with nanoparticles containing super paramagnetic iron 
oxide, direct transplantation into the bladder wall of rats with BOO blocked blad-
der fibrosis and improved bladder function. The transplanted cells could be easily 
traced up to 4 weeks by MRI (Fig. 13.1) and survived and integrated in blad-
der wall (Fig. 13.2) (Lee et al. 2012). In another study, transplanted BMCs were 

Fig. 13.1  In vivo MRI of SPION-labeled human MSCs into the bladder of BOO model of rats. 
MRI showed a clear hypointense signal intensity, and the areas of decreased MR signal intensity 
in the bladder were confined locally (arrows). a Before transplantation of SPION-labeled human 
MSCs and b immediately after transplantation of SPION-labeled human MSCs. c At 4 weeks 
after transplantation, SPION-labeled human MSCs were survived and able to detect by MRI. 
d Schematic drawing of bladder, urethra, and transplanted MSCs. B bladder wall; M injected 
MSCs; U urethra. (Reproduced from Lee et al. 2012)
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shown to improve bladder contractility by differentiating into smooth muscle-like 
cells in the bladders of model rats with BOO (Nishijima et al. 2007). Injections of 
a stem cell suspension into the common iliac artery in a rat ischemic model led to 
regeneration of bladder tissue, thereby improving bladder detrusor function (Chen 
et al. 2012). Direct transplantation of MSCs (B10) into bladder wall was able to 
improve the bladder function as shown by cytometry (CMG), intercontraction 

Fig. 13.2  Histologic findings of SPION-labeled human MSCs in rat bladder. Prussian blue 
staining at 4 weeks after MSC transplantation. (a–c) Intracytoplasmic SPION particles (blue 
dots) are clearly visible. Scale bars: 20 μm (a), 40 μm (b), and 80 μm (c). d The presence of 
human MSCs in rat bladder at 4 weeks after transplantation was confirmed by immunostaining 
with antihuman nuclear matrix antibody that is specific for human cells. Scale bar: 50 μm (d). 
U urothelium of bladder; I intraluminal side of bladder; E extraluminal side of bladder. (Repro-
duced from Lee et al. 2012)



32713 Mesenchymal Stem Cell Therapy for Bladder Dysfunction

interval (ICI), maximal voiding pressure (MVP), and pressure threshold (PT) test 
(Fig. 13.3) (Lee et al. 2014). AD-MSCs have also been shown to improve uro-
dynamics and tissue in a rat model with hyperlipidemia by transplantation via 
direct injection to the bladder or intravenous injection (Huang et al. 2010). In three 
additional studies, transplanted neural progenitor cells were shown to promote 
the recovery of bladder function through regeneration of the injured site, despite 
difficulties in inducing neural regeneration in the CNS (Mitsui et al. 2003, 2005; 
Temeltas et al. 2009). Finally, therapy with smooth muscle cells and dedifferenti-
ated fat cells has been shown to ameliorate bladder dysfunction in a cryoinjured 
bladder and pelvic nerve model in rats. These cells exerted important effects on 
the remodeling process and were recovered functionally in the injured bladder 
(Somogyi et al. 2002; Huard et al. 2002; Sakuma et al. 2009; Kwon et al. 2005).

In most of these studies, stem cells have been commonly administered via the 
direct injection method; however, they can also be transplanted via various other 
routes, such as intravenous injection. When BM-MSCs were transplanted intrave-
nously, they could survive in the L3-4 region of the spinal cord and facilitated the 
recovery of bladder function in SCI rats (Hu et al. 2012).

Some studies have demonstrated that embryoid body-derived stem cells or 
BMSCs can improve the regeneration of partially cystectomized bladders after 
transplantation into the small intestinal submucosa (SIS) (Chung et al. 2005; 
Frimberger et al. 2005; Zhang et al. 2005). In addition, AD-MSC transplantation 
into the bladder acellular matrix (BAM) has also been reported to regenerate blad-
der tissue (Zhu et al. 2010). Some researchers have reported the use of scaffolds 
to help bladder regeneration. When BMSCs or AD-MSCs were seeded on poly 
(1,8-octanediol-cocitrate)-thin film (Sharma et al. 2010), poly-l-lactic acid scaf-
fold (Nitta et al. 2010; Tian et al. 2010), or poly-lactic glycolic acid (Jack et al. 
2009), these cells supported partial bladder regeneration and maintained bladder 
capacity and compliance. Although nonengineered MSCs have therapeutic effects 
on bladder dysfunction, bladder tissue engineering using MSCs might be a help-
ful tool for achieving better results than the results obtained from using differenti-
ated cells. These cells may be able to achieve fast replacement of grafts and would 
be expected to show appropriate neural function and less fibrosis (Sakuma et al. 
2009).

13.6  Gene Therapy

Stem cells have therapeutic effects associated with the regeneration and substitu-
tion of cells and tissues themselves. For the development of new medicinal drugs, 
it is necessary to gain a deeper understanding of the genetic factors, roles, and 
mechanisms of bladder dysfunction.
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While transplantation of AD-MSCs and BM-MSCs was shown to have protec-
tive effects on bladder dysfunction, stem cell transplantation in general has only a 
limited effect on smooth muscle regeneration (De Coppi et al. 2007). Additionally, 
transplantation of AD-MSCs has been shown to improve voiding function in rats, 
reducing apoptosis and preserving cells in the suburothelial capillary network. 
Although some transplanted stem cells could differentiate into smooth muscle 
cells, their paracrine effects may play a major role in this process as well (Zhang 
et al. 2012). Indeed, growth factors have been shown to be associated with blad-
der development and the remodeling of the bladder wall after outlet obstruction 
(Baskin et al. 1996).

In recent studies, MSCs overexpressing hepatic growth factor (HGF) have 
been shown to inhibit collagen deposition (Fig. 13.4) and improve cystomet-
ric parameters as compared to the effects of primary MSCs (Song et al. 2012). 
Similar studies have shown that MSCs can secrete therapeutic factors, such as 
HGF, and contribute to reduced fibrosis through paracrine mechanisms rather than 
cell incorporation (Abdel Aziz et al. 2007; Kinnaird et al. 2004; Matsuda-Hashii 
et al. 2004). HGF secretion by MSCs plays an essential role in the angiogenesis 
and regeneration of tissue and acts as a potent antifibrotic agent (Nakamura and 
Mizuno 2010; Schmidt et al. 1995). Therefore, a detailed understanding of the 
mechanisms of fibrosis is necessary to improving the therapeutic effects of differ-
ent treatments for bladder dysfunction. Taken together, these results suggest that 
MSCs carrying therapeutic genes, such as HGF, may be promising agents for the 
treatment of bladder fibrosis.

Fig. 13.3  Improvement of bladder function after B10 cell transplantation. a–d CMG: a control; 
b sham; c ICI decreased in SCI rats; d ICI recovered in SCI rats + B10 cells transplantation. 
e–f Analysis of CMG. e The SCI rats showed decreased ICI compared with the sham-operated 
group, and this decrease was reversed after transplantation of B10 hMSCs (p < 0.05). f The SCI 
rats showed increased MVP compared with the sham-operated group, and this increase was 
reversed after transplantation of B10 cells (p < 0.05). g There was no difference in PT between 
the groups. B10 = human mesenchymal stem cells; CMG cystometry; ICI intercontraction inter-
val; MVP maximal voiding pressure; PT pressure threshold; Normal = control; SCI rats with spi-
nal cord injury; SCI + B10 = B10 cell transplantation rats with spinal cord injury. (Reproduced 
from Lee et al. 2014)
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13.7  Conclusions

At this time, no effective therapeutic tools exist for the treatment of bladder dys-
function. However, as we have outlined here, recent research has provided inter-
esting results regarding the potential use of stem cells to treat bladder dysfunction, 
as highlighted by the use of MSCs in various animal models.

Although human trials have not yet been performed, MSCs have the potential 
to become an important therapeutic agent and major source of cells for the treat-
ment of bladder dysfunction. However, much more work is required in order to 
determine the exact role of stem cells in the treatment of bladder dysfunction.
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Abstract The human mesenchymal stem cells (hMSCs) are multipotent non-
hematopoietic precursor cells that can generate various types of tissue cells which 
supports the formation of blood and fibrous connective tissue. hMSCs desirable 
stem cell characteristics, their ability to avoid immune rejection, and their homing 
ability in addition to easiness of their isolation and expansion made these cells a 
great therapeutic target for many diverse diseases. MSCs can be isolated from var-
ious tissues such as bone marrow, adipose tissue, dental pulp and can be expanded 
without greatly compromising genetic stability. Previous studies on site-directed 
and/or systemic administration of MSCs have revealed their ability of engraftment 
in a number of tissues after injury. Since the discovery that bone marrow-derived 
mesenchymal stem cells can be recruited to the tumor side and can home to the 
tumor stoma, hMSC became strong candidate for stem cell-based cancer therapy. 
Despite their great potential, these cells can also suffer from replicative exhaus-
tion and acquire critically short telomeres that might increase the risk of cancer 
development. During transition to cancer, most often telomerase activation occurs 
which is highly specific to cancer and has the consequence that cancer cells main-
tain telomere function and thereby compensate for cell division-associated tel-
omere attrition and facilitate crisis-bypass, which altogether promote tumor cell 
immortalization. The challenges and risks for cell-based therapies are multifac-
eted.In this current communication, the double-faced role of mesenchymal stem 
cells in cancer development and their therapeutic potential use in cancer therapy 
will be discussed. Thus, it will be focused and discussed different mechanisms 
that mesenchymal stem cells can show neoplastic transformation through telomere 
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pathway and again maintain telomere homeostasis and thereby the cell’s ability 
to be expanded in vitro, and focus on a new therapeutic area that uses hMSCs as 
delivery vehicles as a potential new cancer treatment.

Keywords Mesenchymal stem cell · Cancer · Therapy

14.1  Introduction

Daily human body loses many types of cells such as hepatocytes, keratinocytes, 
and certain blood cells as part of normal homeostasis for organisms and therefore 
needs to replace them for survival. Stem cells are the main source for such cell 
replacement; moreover, they are unique cells that have the ability to renew them-
selves through mitotic cell division and differentiate into a diverse range of spe-
cialized cell types. Precursor cells, progenitor cells, somatic stem cells, or adult 
stem cells can be used as different names for cells with stem cell-like properties. 
In addition, stem cells, with few notable exceptions, are cell types that show tel-
omerase activity thus actively maintain telomere length to some degree. The abil-
ity to maintain telomere length allows them to have an extended proliferative 
capacity compared to the somatic cells.

Embryonic, germinal, and adult (somatic) stem cells are the main types of stem 
cells. The differentiation potential of stem cells varies according to type from toti-
potency to unipotency. On account of their differentiation, ability and generating 
a complete organism cells such as fertilized oocytes, up to the 8-cell blastocyst, 
are considered to be totipotent. Embryonic stem (ES) cells derived from the inner 
cell mass of a blastocyst. ES cells posses all characteristics of true stem cells. In 
addition to self-renewal capacity, they are pluripotent, being able to produce deri-
vates of all three germ layers (endoderm, mesoderm, and ectoderm) (Burdon et al. 
2002). A high telomerase activity prevents the ES cells from undergoing crises and 
reaching senescence, which is an advantage for long-term culturing. Moreover, 
after reintroduction into the blastocyst, ES cells retain their developmental iden-
tity (Beddington and Robertson 1989). Differentiated forms of ES cells, somatic 
stem cells, are known as multipotent stem cells and are capable of self-renewal 
and are restricted to a specific tissue or organ. These cells can be isolated from 
the developing organism (the fetus and the postnatal organism) as well as from 
the adult organism. Due to their origin from a specific tissue, the offspring of the 
somatic stem cells is also specific for the original tissue. Unipotent cells by defini-
tion are the stem cells that can only give rise to one type of cell (Serakinci et al. 
2014). Contrary to other cell types, asymmetric cell division occurs in stem cells, 
whereby one daughter cell remains undifferentiated, while the other is commit-
ted to differentiation (Fig. 14.1). Furthermore, by means of transdifferentiation, 
somatic cells are also able to produce progeny different from their tissue of origin. 
These cells can be isolated from developing organism in fetal and postnatal stages 
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as well as are harvested the fully developed organism. Additionally somatic cells 
include harvested stem cells from the brain that are capable of differentiating into 
the three lineages of the central nervous system (CNS) (neurons, astrocytes, and 
oligodendrocytes). One more example of somatic stem cells is the bone marrow 
stem cells that include hematopoietic and mesenchymal stem cells which are able 
to repopulate the blood and the bone cell systems.

In this current communication, we will focus on mesenchymal stem cells 
(MSCs) and their double-faced role in cancer development and their potential 
use in cancer therapy will be discussed. The mechanisms based on the telomerase 
will be discussed that MSCs can show neoplastic transformation through telomere 
pathway and again maintain telomere homeostasis and thereby the cell’s ability 
to be expanded in vitro, and also focus on a new therapeutic area that uses human 
mesenchymal stem cells (hMSCs) as delivery vehicles as a potential new cancer 
treatment.

Sperm 

Egg 

Fertilized 
egg 

8 cell embryo Blastocyst 

Pluripotent cells

Tissue specific 
stem cells

Smooth 
muscle cell Erythro

cyte
Adipocyte Neuron 

Asymmetric Division

Differentiated 
mature cells

stem cells

differentiation 

Fig. 14.1  Two types of cell division can occur in stem cells. The stem cells produce two daugh-
ter cells that are identical to the mother cells during symmetric divisions. As a result of asym-
metric cell division, the mother divides to give rise to two daughter cells; one that is identical 
to mother cell and the other more differentiated than the mother cell. Therefore, stem cells go 
through more and more asymmetric divisions; they become more and more differentiated even-
tually becoming terminally differentiated. Stem cells have been observed at various places in 
human body at varying stages of differentiation. Totipotent cells are only found in the zygote; 
however, other stem cells exist at various stages of the organism even in adults. Tissue-specific 
stem cells have been identified in various tissues for instance muscle, blood, central nervous sys-
tem, and adipocytes to name a few
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14.2  Mesenchymal Stem Cells

14.2.1  Properties and Isolation of Mesenchymal Stem Cells

Stroma is the supporting tissue that existing in bone marrow and other tissues such 
as thymus, ovary, and iris and thought it is a simple structural framework for the 
hematopoietic system. Today, it is well known that hMSCs function is very diverse. 
One of its most significant aspects is that it contains mesenchymal stem cells 
(MSCs). These cells are strongly adherent, and therefore, they can be isolated by 
culturing marrow on a special substrate that allows the other cells to be washed off 
(Dennis et al. 2004; Pittenger et al. 1999; Terskikh et al. 2006) and their properties 
were described in 1968 by Friedenstein (1968). MSCs undergo self-renewing divi-
sions but also give rise to more committed progenitor cells. Therefore, during mes-
odermal lineage and also other embryonic lineages, they can differentiate into some 
cell types such as adipocytes, osteocytes, and chondrocytes (Jiang et al. 2002).

MSCs show different advantages and/or disadvantages based on the tissue that 
have been isolated, for example, MSCs can be isolated from adipose tissue; thus, 
there is evidence that cultures MSCs derived from different donors differ signifi-
cantly (Kern et al. 2006). As an example of the disadvantage, MSC cultures are 
isolated from adult bone marrow from invasive method that is often poorly tol-
erated by the patients (Veryasov et al. 2014). In addition to bone marrow, MSCs 
have been shown to be present in a number of other adult and fetal tissues, includ-
ing circulating blood (Zvaifler et al. 2000), cord blood (Weiss and Troyer 2006), 
placenta (Miao et al. 2006), amniotic fluid (Tsai et al. 2004), heart (Chen et al. 
2008), skeletal muscle (Peault et al. 2007), adipose tissue (Zuk et al. 2001), syno-
vial tissue (De Bari et al. 2001), pancreas (Di Rocco et al. 2008), extra embryonic 
tissues (Veryasov et al. 2014), skin dermis (Chen et al. 2014), and additionally, 
pathological tissue-like rheumatoid arthritic joints (Marinova-Mutafchieva et al. 
2000). Cells with MSCs characteristics might be presented most of the postnatal 
organs and tissues (Chamberlain et al. 2007). Historically, the broad variety of 
tissue sources from which MSCs are isolated, in conjunction with disparate cul-
ture conditions such as media formulations and plating density, has led to a lack 
of consensus regarding the phenotype of the MSC. Nevertheless, recent reports 
are pointing to a strong consensus regarding the morphology of fresh MSCs, irre-
spective of the method by which they were isolated. The large cells with a promi-
nent nucleoli and bleb-like projections are described as the morphology of MSCs 
(Jones and McGonagle 2008). These projections extend further as MSCs adhere 
and the morphology is different from the typically shaped spindle-shape MSCs 
(Jones and McGonagle 2008). Despite the historic variation in reported phe-
notypes of MSCs, it is widely accepted that the cultured cells, lightly their iso-
lation and culture methods, lack expression of prototypic hematopoietic antigens 
including CD45, CD34, CD11b, and CD14 and express SH2 (CD105), SH3/SH4 
(CD73), CD29, CD44, CD90, CD71 CD106, CD166, STRO-1, GD2, and CD146 
(Pittenger et al. 1999; Simmons and Torok-Storb 1991; Shi and Gronthos 2003; 
Sordi et al. 2005; Martinez et al. 2007).
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The methodology used in the isolation and enrichment of human mesenchymal 
cells is essentially based on the ability of these cells to adhere to and subsequently 
proliferate on tissue culture plastic with 10 % fetal calf serum. A lag phase might 
be experienced by the cells, as then divide rapidly. The MSCs’ doubling time in 
vitro depends on the donor and the original plating density (Chamberlain et al. 
2007). Indeed, culture selection is still widely employed as a means of MSC isola-
tion. During negative selection, the cocktails of antibodies that deplete the bone 
marrow of specific cell populations are pre-enriched through cell separation strate-
gies (Louis et al. 2001; Reyes et al. 2001) or FicollTM separation is most widely 
used as an initial step in MSC isolation. To date, no single and unique marker 
allowing for MSC isolation has been reported; thus, a range of composite cell sur-
face phenotypes are being pre-owned. MSCs that are from enriched populations 
have been isolated from human bone marrow aspirates using a STRO-1 monoclo-
nal antibody in conjunction with antibodies against VCAM-1/CD106 (Simmons 
and Torok-Storb 1991), CD271 (Quirici et al. 2002), D7-Fib30 and CD49a.31. In 
order to harvest and isolate MSCs, a needle is used to aspirate the bone marrow 
from the trabecular of the bone. Manipulated bone marrow can be within the labo-
ratory to remove the red blood cells, macrophages, and other extraneous material 
(Boiret et al. 2005). MSCs can then be enriched by their adherence to a plastic cul-
ture dish. Using flow cytometry can sort MSCs based on the MSC surface proteins 
and this can be viewed under a microscope to determine that the cells look like 
MSCs (Quirici et al. 2002; Campagnoli et al. 2001; Li et al. 2006). MSCs have 
also been isolated from other species, for example, mice, rat, cats, dogs, rabbits, 
and baboons with varying success. However, MSCs from different species do not 
express the same molecules as the human cells (Javazon et al. 2004).

14.2.2  Limited Proliferation Capacity of hMSCs

Most of the human somatic cells can undergo 60–70 population doublings on 
average and then enter senescence (Meyerson 2000). Cellular senescence is the 
process by which normal cells lose the ability to divide. The “Hayflick limit” is 
named for this limited number of cell divisions (Hayflick 1976) (Fig. 14.2a).

In normal cells, cell divisions are preceded by replicating the DNA to form two 
daughter molecules each having an original strand from parent cell and one newly 
synthesized strand. Replication of the leading DNA strand is simple and complete, 
as on the lagging strand replication uses small Okazaki fragments. The purpose of 
using these fragments is that to ensure 5′ to 3′ addition of bases. These results in 
the incomplete replication of the extreme ends of the lagging strand of chromo-
somes, and loss of genes and it is named the “end replication problem.” Two very 
important protein p53 and pRB that have a significant role in normal senescence 
and therefore normal senescence that leads initially to the arrest of cell prolifera-
tion (Campisi 2005). The senescence program operates through the Rb and p53 
pathway and is activated by the telomere signal. Rb- and p53-deficient primary 
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cells that continue cellular growth beyond the Hayflick limit exhibit severe tel-
omere shortening, marked genetic instability and massive cell death—this period 
is referred to as crisis (Counter et al. 1992; Shay et al. 1991). It is thought that 
senescence plays an important role in the suppression of cancer emergence. Once 
the telomeres through the end replication problem reach a critical short length, the 
cell enters M1 stage (mortality 1) and goes into the senescence (Kim et al. 1994). 
If the cell escapes senescence and continues to proliferate with further shortening 
of telomeres, it will undergo crisis or mortality 2 (M2). If the mutational changes 
acquire, therefore cells overcome M1 and M2, these cells become immortal. Most 
cancers are the result of “immortal” cells that have evaded programmed cell death. 
Herein, the cells will have acquired telomerase reactivation to maintain a con-
stant length of telomeres (Kim et al. 1994) (Fig. 14.2b). Despite their stem cell 
characteristics when pressed to proliferate extensively, mesenchymal 2 stem cells 
can also suffer from explicative senescence with critically short telomeres (Kim 
et al. 1994) This brings about certain limitations in therapeutic use of stem cells. 
One of these limitations is as mentioned above, proliferative capacity limitation, 
which undoubtedly can be overcome by introduction of certain genes that will 
enable them to continue to proliferate. It has been shown that there are numerous 
genes like the TERT gene that are capable of extending the proliferative capac-
ity (Fig. 14.2) and immortalizing the stem cells or progenitor cells, however, with 
the risk that this extended life span might unmask possible malignant transforma-
tion. Therefore, telomere dynamics becomes an important issue in stem cell func-
tion especially when expanding a population of stem cells is needed. Considering 
the fact that stem cells in general tend to give rise to a high number of daugh-
ter cells, one would expect that stem cells would express telomerase to maintain 
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telomere length. However, the replicative capacity in primary stem cells is limited. 
The telomere length pattern (also termed the telomere profile) can be monitored 
until the cells reach replicative arrest after approximately 10 population doublings 
(PD) and it has been shown that the telomere profile is conserved for this number 
of doublings (Graakjaer et al. 2007; Serakinci et al. 2007). The possible conser-
vation of profile has been studied in both primary and telomerase mesenchymal 
stem cells where both types of cells were grown for number of passages (205 PDs) 
and still they maintained the profile (Graakjaer et al. 2007; Serakinci et al. 2007). 
Surprisingly, the long-term conservation of the telomere profile clearly suggests 
that also in mesenchymal stem cells there is a very low degree of random fluc-
tuation in the telomere dynamics, as previously suggested in lymphocyte progeni-
tor cells. Overall, there is a general agreement that adult stem cells have very low 
levels of telomerase, so that during life, telomeres are slowly shortened. The pri-
mary mesenchymal stem cells have also been shown to obtain a diminished mean 
telomere length during long-term culturing periods (Serakinci et al. 2007) have 
shown that the mean telomere length of the primary cells is 8 kb and the length is 
continuously decreasing with the population doubling level. Overall, it has been 
suggested that telomeres shortening may lead to genomic instability; therefore, the 
cells with short telomeres might be able to through neoplastic differentiation.

14.2.3  Potential Neoplastic Transformation of hMSCs 
During Expansion

Within the last decade, human mesenchymal stem cells have been validated as 
potential tools in different therapeutic approaches. Initial results are promising but 
there are some challenges for the use of MSCs for clinical purpose. During the 
isolation process from human bone marrow, only 1 in every 105 cells is MSCs and 
there is also the issue of low grafting efficiency and potency of MSCs. In spite of 
hMSCs have great potential in therapeutic use, the main rate limiting factor is that 
hMSCs exhibit limited mitotic potential, especially considering that, in a human 
system very many cells are needed for injection. Thus, it is obvious that a large 
scale for MSC expansion is needed (Momin et al. 2010; Teng 2010). The TERT 
gene has been highlighted for overcoming for proliferative limitation introduction. 
Hence, telomere dynamics plays a significant role in stem cell function, specially, 
while a population of stem cells expanding. Telomerase researchers succeeded to 
introduce a retrovirus carrying the hTERT gene has established an immortalized 
hMSC-telo1 cell line, which maintain their stem cells characteristics and have an 
expanded life span (Serakinci et al. 2007). But extending the proliferative capac-
ity of stem cell populations through manipulation of the telomere-telomerase sys-
tem brings certain risks that are associated with the possibility that stem cells may 
show increased susceptibility to carcinogenesis. This gene manipulation bypasses 
the naturally built-in controls of the cell that govern the delicate balance between 
cell proliferation and senescence and carcinogenesis.
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Given the critical role of telomere dynamics and telomerase in tumor progres-
sion and the fact that the cancer cells rely on telomerase for its survival, it is not 
surprising that telomeres are rather unique structures in a given cell. Also telom-
erases have a significant role in protecting the chromosome ends from being rec-
ognized as DNA double-strand breaks by the DNA repair machinery. On the other 
hand, telomeres, when critically shortened, can lead to cellular senescence, which 
can be regarded as a barrier against cancer formation via the so-called telomere-
mediated checkpoints. Nevertheless, the cells that are not destroyed and survived, 
dysfunctional telomeres can affect the genomic stability through initiating the so-
called Break–Fusion–Break (BFB) cycles leading to severe genomic aberrations 
and ultimately to cancer development (Furlani et al. 2009; Serakinci et al. 2008). 
These events have been reported in literature in adipose-derived human MSCs 
(Rubio et al. 2005) and bone marrow-derived mouse MSCs (Miura et al. 2006; 
Tolar et al. 2007). Phenotypic and genotypic alterations such as chromosome 
instability, rapid cell proliferation, loss of contact inhibition, gradual increase 
in telomerase activity, and increased c-myc activity have been observed in these 
MSCs (Furlani et al. 2009).

However, studies in both rodent models and human mesenchymal stem cells 
have suggested that during long-term culturing, mesenchymal stem cells are acquir-
ing chromosomal aberrations and subsequently exhibit a malignant transformation 
(Rubio et al. 2005; Zhou et al. 2006). Such studies raised the concerns that hMSCs 
that are forced into extensive in vitro expansion can—after being transplanted into 
patients—undergo spontaneous transformation. Several groups have published 
results showing spontaneous transformation of human mesenchymal stem cells 
that are expanded long term (Momin et al. 2010; Rubio et al. 2005; Serakinci et al. 
2004; Wang et al. 2005). Mouse models have been studied in most studies such as 
Rubio et al. and these researchers have shown that adipose tissue-derived human 
MSC populations after long-term in vitro expansion can transform spontaneously. 
Rubio et al. furthermore characterized the molecular mechanisms implicated in the 
spontaneous transformation. Moreover, the transformation process occurred after 
the hMSC had bypassed senescence by upregulating c-myc and repressing p16 lev-
els. After then, during telomerase activity acquisition, deletion of Ink4a/Arf locus 
and hyperphosphorylation of Rb the cells also bypassed M2 (Rubio et al. 2008).

More studies showed that cultured human MSCs derived from the bone mar-
row produced a subpopulation of cells and these cells would have high levels of 
telomerase activities, chromosomal aneuploidies, and translocations and were able 
to form tumors in multiple organs in NOD/SCID mice (Momin et al. 2010; Wang 
et al. 2005). Contrary to these studies several groups have reported no transforma-
tion of hMSC after long-term culture (Bernardo et al. 2007; Meza-Zepeda et al. 
2008). Using comparative genomic hybridization, karyotyping, and subtelomeric 
fluorescent in situ hybridization analysis, Bernardo et al. performed extensively 
studies on the genetic changes in the hMSCs at different stages of long-term cul-
ture, but they did not find evidence for spontaneous transformation of hMSCs 
during long-term culture (Bernardo et al. 2007). Moreover, there are studies 



34514 Mesenchymal Stem Cells in Cancer Therapy

demonstrating that telomerased hMSC accumulate various genetic and epigenetic 
changes in spite of maintaining a normal karyotype (Serakinci et al. 2004; Burns 
et al. 2005). These studies are supporting the existence of neoplastic transforma-
tion of hMSCs during in vitro expansion. However, the spontaneous transfor-
mation potential of hMSCs is still a controversial issue and more evidences are 
needed. In addition to in vitro expansion studies, hMSCs have been observed that 
they might have a significant role in the carcinogenesis progression. Evidences 
thus suggest that exogenously administrated hMSCs can be recruited to the stroma 
of developing tumors when systemically infused in animal models for Karposi’s 
sarcoma, ovarian carcinoma, glioma, colon carcinoma, and melanoma (Lazennec 
and Jorgensen 2008).

Furthermore, Correa et al. have demonstrated that gastric cancer may origi-
nate from hMSC (Correa and Houghton 2007). Based on these and similar stud-
ies, it can be suggested that hMSC can modulate the tumor growth, despite still 
remains as controversial and not fully understood. In this connection, it is rele-
vant, as Serankici et al, have shown that telomerase-immortalized hMSCs do not 
necessarily show spontaneous transformation. First of all, neoplastic transforma-
tions have been observed in these cells when the cells were subjected to 2.5 Gy of 
gamma irradiation and after having been exposed to gamma radiation followed by 
further long-term culturing. Subsequently, same group investigated the stepwise 
acquisition of genetic changes, leading cells to acquire the malignant phenotype 
(Serakinci et al. 2007; Christensen et al. 2008). These investigations suggested that 
irradiation lead to DNA damage including telomere damage causing temporary 
cell cycle arrest. Subsequent culturing of the cells indicates that overall DNA dam-
age was restored and therefore the cells returned back to cell cycle. More studies 
showed that there remained some degree of damaged telomere, as a result increas-
ing detected in occurrence of anaphase bridges, suggesting uncapped telomeres 
that resulted by induction of F-B-F cycles. This in turn led to genomic instabil-
ity (Christensen et al. 2008). Additionally, telomerase activation most often occurs 
at the transition to cancer which is highly specific to cancer cells. Introducing of 
hTERT gene in MSC did not unmask the neoplastic potential on its own but subse-
quent DNA damage contributed to mesenchymal tumor development. Recent find-
ings are in agreement with observations made by a number of other groups. Thus, 
it appears that using telomerase to help production of large numbers of cells is 
effective, but it has impact on neoplastic transformation. Therefore, more knowl-
edge about adult stem cells and how their growth is regulated is required and until 
then careful monitoring is crucial for clinical applications. Nevertheless, in the dis-
cussion whether or not in vitro expanded hMSCs can transform spontaneously the 
whole issue of cross-contamination is an important issue that definitely needs to 
be addressed vigorously. Thus, studies suggested that DNA fingerprinting and/or 
STR analysis should be used to confirm the true identity of the transformed cells 
(Garcia et al. 2010; Torsvik et al. 2010, 2012).

Respected amount of in vitro expansion studies showed that hMSCs could 
play a role in the progression of carcinogenesis. These studies will improve our 
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knowledge for understanding cancer and according to new information applied 
therapeutic approaches might be changed. Lazennec et al. suggested that systemi-
cally infused exogenously administrated hMSCs can be recruited to the stroma of 
developing tumors in animal models (Lazennec and Jorgensen 2008). Gastric can-
cer might be originated from hMSC also demonstrated by Correa et al. (Correa 
and Houghton 2007). Despite that still remains controversial and not fully under-
stood, based on these and similar studies, it can be suggested that hMSC can mod-
ulate the tumor growth (Dennis et al. 2004).

Studies for graft-versus-host disease (GvHD) showed encouraging results 
which patients suffering from this disease have received injections with MSC with 
no signs of tumor formation (Correa and Houghton 2007; Barkholt et al. 2013; 
Resnick et al. 2013). Moreover, a recent study has looked into the use of MSC and 
the adverse effects in Crohn’s disease in a phase 2 study (Forbes et al. 2014). As a 
conclusion promising results obtained, however, it is clear that a larger number of 
studies are needed for improving registries and well-defined follow-up protocols 
to successfully approach the issue of tumorigenicity after MSC-based treatments 
(Dennis et al. 2004; Barkholt et al. 2013).

14.3  Therapeutic Potential of Mesenchymal Stem Cells

MSCs have many desirable characteristics that make them great therapeutics tools 
for many diverse illnesses. As we mentioned previously, MSCs can be isolated from 
adult donors and can easily be expanded in culture without greatly compromising 
genetic stability (discussion about genetic instability and neoplastic transformation 
is mentioned Sect. 14.2.3). MSCs are lack of immunogenicity and this allows for 
allogenic transplantation and their homing capacity creates from for treatment with 
minimal invasion (Teng 2010). In Sect. 14.2.1, isolation methods of MSCs have 
been well discussed. However, as previously mentioned, MSC cannot be isolated 
from many diverse tissues such as trabecular bone, placenta, adipose tissue.

MSCs have been used in many studies that were mainly based on the site-
directed and/or systemic administration of MSCs, and both delivery methods of 
hMSC have shown their ability of engraftment in a number of tissue after injury 
(Fig. 14.3) (Barbash et al. 2003; Horwitz et al. 2002; Anversa 2001; Phinney 
2003). Using stem cells as a therapeutic tool, they must be able to access the target 
organ to deliver their therapeutic influence. In many cases, accessing to the target 
organ might not be a problem, at the same time; it can be a problem if the illness 
is systemic in nature or if the target organ is not anatomically accessible effective 
delivery. MSCs provide us with a very valuable tool in the latter two scenarios as 
they have been shown to spread to various tissues after their intravenous adminis-
tration (Devine et al. 2003). These systemically administered MSCs home (sit) to 
the site of injury and aid in functional recovery. Cultured MSCs have been infused 
into patients in early studies to support bone marrow transplant for osteogenesis 
imperfecta and glycogen storage disease where the therapeutic options are limited 
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(Pittenger and Martin 2004). Additionally, their role in the treatment of Crohn’s 
disease is being explored; therefore, they have been used in graft-versus-host dis-
ease (Mittal et al. 2009). Acute leukemia, ischemic stroke, multiple sclerosis, criti-
cal limb ischemia, articular, cartilage, and bone defects are the examples of MSCs 
that are also used in diverse variety.

Nevertheless, the knowledge about exact mechanism is still poor; introduction 
of MSCs into the infracted heart directly or through intravenous administration has 
resulted in improved recovery and prevented deleterious remodeling (Pittenger and 
Martin 2004). The ability of MSCs to repair damaged tissue is thought to be pri-
marily from their capacity to secrete paracrine mediators such as interleukin-10, 
interleukin-1ra, keratinocyte growth factor, and prostaglandin (Matthay et al. 
2010). However, the mechanisms underlying migration/homing of hMSC have yet 
to be clarified, even though there are some evidence suggesting the involvement 
of chemokines and their receptors (Matthay et al. 2010; Kortesidis et al. 2005; 
Von Luttichau et al. 2005). In addition to cellular adhesion molecules, the fol-
lowing chemokine/receptor pairs have been implicated in MSC migration: SDF-
1/CXCR4, SCF/c-Kit, HGF/c-Met, VEGF/VEGFR, and PDGF/PDGFr (Wynn 
et al. 2004). However, the migration to the tumor site is believed to be non-spe-
cific since the administered MSCs have been shown to localize to lung, bone mar-
row, and lymphoid organs. Moreover, it was observed that whole body irradiation 
increases the distribution of MSCs to multiple organs (Momin et al. 2010).

Self renewal

Progenitor cells

Differentiated cells

Asymmetric Division and
 differentiation 

Exogenous/ 
microenvironmental factors 
based on disturbance in 
differentiation 

recruting the site 
from injury, inflammation, and 
tumor 

Fig. 14.3  Self-renewing potential of stem cells during symmetric divisions. Stem cells as men-
tioned earlier can produce differentiated daughter cell from the mother cell as a result of asym-
metric. Neoplastic transformation of certain cells might occur from intrinsic and/or extrinsic fac-
tors. When injury, inflammation, or even a tumor exist in the tissue, local or distant stem cells 
and their progenitors at various stages of differentiation can home and cure the tissue. Isolated 
hMSCs can be turned and used as a therapeutic delivery vehicles
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Due to their stem cell properties, facilitation of engraftment of the transplanted 
hematopoietic stem cells and promotion of the structural and functional repair of 
damaged tissues are some of the first studies the scientists have focused in the 
MSCs field. However, because of the immunomodulatory properties of MSCs, they 
might have potential uses in immune-related diseases as well (Uccelli et al. 2008). 
Their poor immunogenicity in vitro, in preclinical trials and in human studies, is 
one of the advantages of using MSCs as therapeutic agents. Therefore, this would 
allow the use of MSCs from allogenic donors. There still remains the possibility of 
using autologous MSCs even in the autoimmune conditions (Bartholomew et al. 
2002; Le Blanc et al. 2004; Murphy et al. 2002; Tse et al. 2003).

Uccelli have reported new findings that present the observation that MSCs 
derived from the bone marrow-suppressed T-cell proliferation (Uccelli et al. 2008). 
It has shown that there is a role of MSCs in both innate and adaptive immunity. 
(Table 14.1) MSCs can decrease the pro-inflammatory response potential of den-
dritic cells by inhibiting their production of tumor necrosis factor (TNF) in innate 
immunity. Their inhibitory effects on the maturation of monocytes and cord 
blood and CD34+ hematopoietic progenitor cells also have been shown (Jiang 
et al. 2005; Li et al. 2008; Nauta et al. 2006; Ramasamy et al. 2007). MSCs can 
also regulate an important part of innate immunity. The MSCs, through an IL-6-
regulated mechanism, can dampen and delay the spontaneous apoptosis of resting 
and activated neutrophils (Raffaghello et al. 2008). In adaptive immunity, T cells 
are maintained in a state of quiescence through an MSC-mediated anti-prolifer-
ative effect that can be partially reversed through IL-2 stimulation (Zappia et al. 
2005). Nevertheless, early studies mentioned also MSCs are able to modulate the 
intensity of immune system response through an inhibition of antigen-specific 
T-cell proliferation and cytotoxicity and through promotion of regulatory T-cell 
generation (Hwa Cho et al. 2006; Pevsner-Fischer et al. 2007; Tomchuck et al. 
2008). Moreover, recent studies on mouse model to reveal the antiapoptotic char-
acteristics of MSCs showed that bone marrow-derived MSCs decreased oxidative 
stress, apoptosis, and hippocampal damage in brain (Calió et al. 2014); neverthe-
less, there are many studies that support the antiapoptotic characteristic of MSCs 
(Yang et al. 2014; Bhang et al. 2012). On the other hand, recent studies showed 
that MSC-derived exosomes have similar functions as MSCs for instance sup-
pressing inflammatory responses, repairing tissue damage, and also, modulating 
the immune system. However, it is very little known about their mechanisms and 
the findings still remain controversial (Yu et al. 2014).

Additionally, cellular vehicles are the one of the newer therapeutic applica-
tions for stem cells. Most scientist agree that the targeted delivery gene therapy 
has a promising future, particularly in cancer therapies, as most artificial vehicle 
systems are at present hampered by numerous problems including immune reac-
tion, non-specific accumulation in normal tissues, and poor permeation (Bestor 
2000). Cell-based carriers such as MSCs most probably will be the solution of 
these problems. Besides providing delivery system that immune privileged, these 
cells would also preferentially home to the site of a cancer and therefore serve as 
a delivery platform for therapeutic agents. Cells scientists are always developing 
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creative and more effective ways of providing the gene delivery target cells cor-
responding to local delivery of the therapeutic transgene to neighboring cancer 
(Dennis et al. 2004; Bainbridge et al. 2008; Cideciyan et al. 2008; Kaplitt et al. 
2007; Maguire et al. 2008; Nathwani et al. 2011).

Using telomerase-immortalized hMSC, Serakinci et al. have shown that human 
mesenchymal stem cells administered through a tail vein can preferentially engraft 
at the tumor sites and thence contribute to the population of stromal fibroblasts 
(Dennis et al. 2004). Their study also shows that in vivo assays were performed 
to investigate whether externally administered hMSCs would engraft at the tumor 
sites and interact with the cancer cells (Serakinci et al. 2011). Recent study from 
Sun et al. has investigated the use of hMCSs in U251 glioma-bearing mice as 
a vehicle for selective delivery of EphrinA1-PE38 to gliomas where it acts as a 
very specific immunotoxin against the EphA2 receptor over expressing gliomas 
(Sun et al. 2011). Recently, A new approach to studying gliomas in mice using 
the RCAS/Ntv-a system in which the mice have endogenous gliomas, where 
they tested the homing ability of syngenic MSCs to the gliomas has been created 
(Doucette et al. 2011).

14.4  Mesenchymal Stem Cells Are Double-Faced in Cancer

Recent studies have been shown that the critical role of MSCs in tumor develop-
ment especially when stressed for long-term expansion. On the other hand, studies 
have been suggested that MSCs can be used as a cancer therapeutic agent. Studies 
on tumor models such as melanomas, colon adenocarcinomas, lung cancer, multi-
ple myelomas, and glioblastomas have show that exogenously administered hMSC 
may contribute to tumor stroma formation in animal tumor models by promoting 
angiogenesis or by creating a niche to support cancer stem cell survival and most 
probably, the immunosuppressive ability of MSCs ought to be the reason (Momin 
et al. 2010; Sullivan and Hall 2009). The tumor cells may get the chance to better 
evade the immune surveillance, as the MSCs interact with many of the cells of 
the innate and acquired immune system and suppress them (Momin et al. 2010; 
Lazennec and Jorgensen 2008).

The development of a gastric cancer was induced by Helicobacter felis infec-
tion in a C57BL/6 mouse model where normal bone marrow was replaced with 
bone marrow cells tagged with either beta galactosidase or GFP Correa and 
Houghton (2007). Additionally, (Correa and Houghton 2007) results also demon-
strated that cancer cells are directly derived from bone marrow stem cells. These 
cells have been recruited to the site, where the gastric cancer later occurred, dur-
ing the helicobacter inflammation (Correa and Houghton 2007). Moreover, studies 
in a rat model of Barrett’s metaplasia have showed similar results (Sarosi et al. 
2008). In addition to these findings, in rodent models demonstrating the ability of 
MSCs’ homing and transdifferentiation to inflammatory lesions at extra medullar 
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sites are very valuable results (Hayashi et al. 2008; Kahler et al. 2007; Matthay 
2007; Suzuki et al. 2008).

The current animal models play a significant role for understanding this exist-
ing complex relationship between MSCs and tumors. The model relies on harvest-
ing human tumor cells and culturing them in vitro before grafting them into the 
animal. The downside of this approach is that during the culturing process, the 
cells are away from the tumor stroma and the epithelial cells and even when the 
cells are inside the animals, the stroma will be formed from the animal’s own cells 
leading to a chimeric tumor that would not reproduce the interaction between the 
MSCs and the tumor stroma. More likely, the new generation of immunocompro-
mised mice, for example, the NOG mouse will be able to help in the investiga-
tion of this relationship as it is better able to accept heterologous cell populations 
(Momin et al. 2010; Hahn and Weinberg 2002; Nakahata 2002; Kim et al. 2004; 
Rangarajan and Weinberg 2003; Rosen and Jordan 2009).

One of the biggest obstacles for finding a cure for cancer therapy research is 
no selective killing of tumor cells and therefore therapies that are more specifi-
cally directed toward cancer stem cells might result in much more durable. It has 
been suggested that hMSCs play a key role in supporting tumor formation, based 
on their homing abilities hMSC can be used as cellular vehicles for local delivery 
of biological agents to brain tumors. Human MSCs were transduced with a lentivi-
rus expressing secretable TRAIL (S-TRAIL) and mCherry (red fluorescent protein) 
and injected into established intracranial glioma tumors in mice. The genetically 
modified hMSCs were able to inhibit tumor growth, resulting in significantly longer 
animal survival. Thus, the study demonstrated the therapeutic efficacy of hMSC 
S-TRAIL cells and confirmed that hMSCs can serve as a powerful cell-based 
delivery vehicle for the site-specific release of therapeutic proteins (Menon et al. 
2009). Experiments for seeking targeted delivery, IFN-β-secreted genetically modi-
fied MSCs were able to successfully home (sit/ place beside to support  like feeder 
layer) and engraft at melanomas growing in mice lungs and locally deliver IFN-β, 
while delivering locally, IFN-β was able to inhibit the growth of malignant cells 
both in vivo and in vitro. However, the same effect could not be achieved with sys-
temically delivered IFN-β or IFN-β produced away from the tumor site (Studeny 
et al. 2002; Studeny et al. 2004). Recent study by Placencio and colleagues is 
shown that MSCs were recruited and incorporated into the prostate epithelium dur-
ing prostate re-growth (after testosterone reintroduction). Additionally, the incor-
porated MSCs were used to deliver secreted frizzled-related protein-2 (SFRP2) 
to antagonize the Wnt-mediated cancer progression by reducing tumor growth, 
increasing apoptosis, and causing potential tumor necrosis (Placencio et al. 2010).

hMSCs have the potential home to the tumor stroma activities, therefore, for 
the tumor microenvironment, allow them to be a promising tool for the delivery 
of anticancer drugs. Studeny et al. have showed that this strategy worked by the 
observation of specific homing of intravenously administered hMSCs, engineered 
to produce interferon-β (IFN-β), to tumors with subsequent tumor regression 
in a xenogenic mouse model (Studeny et al. 2004). Their study determined that 
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mesenchymal stem cells that expressed IFN-β could inhibit the growth of tumor 
cells in vivo. However, their approach required integration of the hMSC at the 
tumor site, as non-tumor site integrated or systemic delivery of IFN-β did not have 
enough tumor regressing effect. Serakinci et al. have recently confirmed these 
findings where they have shown that hMSC can home to tumor site and further-
more could deliver a therapeutic agent to the site (Serakinci et al. 2011).

In addition to mentioned studies, IL-12 M-expressing MSC injection directly 
injected into the tumor had the strongest antitumor effect compared with other 
injection routes such as intravenous or subcutaneous. The same study also demon-
strated anti-metastatic effects for MSCs/IL-12 M when embedded in the Matrigel 
(Seo et al. 2011). Moreover, Correa and colleague have determined that gastric 
cancers might be originated from hMSCs (Burns et al. 2005). Based on these stud-
ies and our current knowledge, it can be suggested that hMSCs can modulate the 
tumor growth, as this issue still remains controversial and not fully understood.

Based on the previous studies and research carried on, Serakinci et al. have 
shown that the identification of reservoirs of multipotential stem cells within adult 
tissue provides exciting prospects for developing novel vehicle for stem cell-medi-
ated gene therapy. However, this new approach seems to produce stronger and 
more specific anti-tumor effects, as considering continued cell growth is the one of 
the hallmarks of cancer development that most often correlated with activation of 
telomerase. Hence, the question must be raised if there is a potential cancer risk of 
genetically engineered cells. In the future, such approaches might be an ability to 
remove or inactivate the genetically engineered stem cells that homed to tumor site 
at the time of delivery of the targeted treatment (Aboody et al. 2008; Serakinci and 
Fahrioglu 2011).

Using telomerase inhibitors that may be a way to stop proliferation of these 
particular cells can be the one of the possible approach. Telomerase and modi-
fied structures named telomerase inhibitors are essential for the cell treatments, 
and they will eventually lead to cell death. However, this new attempt might face 
another problem namely that some of these cells might escape the cell death and 
this might cause genomic instability, after all causing development of a new can-
cer. Other possible approach, genetically modified vehicle cells are directed to 
commit suicide after delivering the targeted treatment. This strategy has been used 
in connection with the tumor-selective viruses that mediate oncolytic effects on 
tumors due to genetically engineered viruses that replicated in and kill targeted 
cancer cells. Based on the telomerase promoter sequence in case of attacking tel-
omerase-positive cells, such viruses have been genetically modified with tumor-
specific transcriptional response elements (Abdul-Ghani et al. 2000; Bilsland et al. 
2005; Komata et al. 2001; Plumb et al. 2001).

The results recommended that targeted therapies can be improved by geneti-
cally modified vehicle stem cell therapies the suicide gene therapies; however, the 
studies also suggested that these therapies also can reduce the risk of secondary 
tumors. The role of stem cells in carcinogenesis still remains unclarified subject 
and need to be evaluated carefully with further studies.



35314 Mesenchymal Stem Cells in Cancer Therapy

14.5  Future Directions in HMSC-Based Cancer Therapies

In light of above-mentioned studies, it seems that to incorporate cancer-fighting 
genes inside stem cells grown from a patient’s bone marrow mesenchymal stem 
cells is a promising way to go to effective cancer therapy. To achieve on effective 
therapy, scientist should find the way to deal with well-controlled and specific tar-
geted vectors.

Gene and viral therapies for cancer have shown some therapeutic effects, but 
there has been a lack of real breakthrough. Based on others and our studies, it 
seems that the identification of reservoirs of multipotential stem cells within adult 
tissue provides exciting prospects for novel vehicle for stem cell-mediated gene 
therapy. This new strategy seems to produce stronger and more specific anti-tumor 
effects. However, considering that one of the hallmarks of cancer development is 
continued cell growth, which is most often correlates with activation of telomer-
ase, the question must be raised if there is a potential cancer risk of genetically 
modified cells. These approaches will critically be an ability to remove or inac-
tivate the genetically engineered stem cells which are homed to tumor site at the 
time of delivery of the targeted treatment.

One approach might be to use telomerase inhibitors that may be a way to stop 
proliferation of these particular cells. Since the telomerase is essential to the life 
of a cell treatment with modified structures called telomeres, inhibitors will even-
tually lead to cell death. But this approach might face another problem, namely 
that some of these cells will escape the cell death and this will lead to genomic 
instability particularly will be the reason of developing new cancer. After delivery 
of the targeted treatment another and the relatively safer approach will be focusing 
on to create a system that the vehicle cells to commit suicide. Such a strategy has 
been used in connection with the tumor-selective viruses that mediate oncolytic 
effects on tumors due to genetically modified viruses, which are engineered to rep-
licate in and kill targeted cancer cells. Such viruses that have been engineered with 
tumor-specific transcriptional response elements based on the telomerase promoter 
sequence, thereby attacking telomerase-positive cells (Abdul-Ghani et al. 2000; 
Bilsland et al. 2005; Komata et al. 2001; Plumb et al. 2001). These studies have 
suggested that a combinational therapy approaches (genetically engineered vehicle 
stem cell therapy and the suicide gene therapy) might improve and targeted thera-
pies and at the same time reduce the risk of secondary tumors.

In conclusion, using hMSCs still is a promising approach for the future of can-
cer treatment. However, It does not seem that traditional methods will substitute 
with few hMSCs approaches, but they might be used with conventional treatments 
to be more conclusive. One approach might be used combining stem cells with 
gene therapy in the future. Antitumoral potency and therapeutic index will be the 
key points of this mechanism for clinical applications. However, this theory should 
be investigated more and give answers of questions like “How can we ensure this 
mechanism will only kill the targeted cancer cells?”
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Abstract Graft-versus-host disease (GVHD) is a major complication associated 
with morbidity and mortality following allogeneic hematopoietic stem cell trans-
plantation (HSCT). GVHD can be fatal, as patients frequently fail to respond to 
conventional immunosuppressants and no established second-line therapy is availa-
ble. Stem cells have emerged as a therapeutic approach in a range of medical fields, 
including regenerative medicine, cancer, autoimmune diseases, and inflammatory 
diseases, because of their unique properties. In particular, mesenchymal stem cells 
(MSCs) have created increasing interest as a therapeutic agent for various immune-
mediated diseases including GVHD. MSCs demonstrate therapeutic potential by 
exerting potent immunosuppressive effects through interactions between lympho-
cytes associated with both the innate and adaptive immune system. Preclinical 
experiments using MSCs for the treatment of GVHD have provided critical 
insights into the mechanism of action of MSCs and evidence for clinical transla-
tion. In the clinical setting, Ringden’s pilot study using MSCs to treat a steroid-
refractory GVHD pediatric patient was a milestone in the field of MSC therapy, 
which leads to numerous worldwide studies on steroid-refractory GVHD, de novo 
GVHD, chronic GVHD treatment, and GVHD prevention. In this chapter, we focus 
on the recent advances of MSCs for the treatment of GVHD in both preclinical and 
clinical settings. We discuss the current limitations and highlight the future consid-
erations that should be made when using stem cell therapy for GVHD.
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15.1  Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is an effective treat-
ment approach for a variety of hematologic and genetic disorders. Without appro-
priate intervention, almost all transplant recipients develop a severe inflammatory 
condition known as graft-versus-host disease (GHVD). Prior to HSCT, patients 
undergo a conditioning regimen in order to deplete remaining host stem cells and 
create space for donor stem cell engraftment. However, the toxicity of the regimen 
can cause tissue damage and inflammation releasing various pro-inflammatory 
cytokines that activate host antigen-presenting cells (APCs). Recipient antigens 
presented by host APCs, then, activate the injected donor T cells, in which a strong 
cytokine storm is initiated to further promote antigen presentation and activate 
effector T cells. Finally, the activated effector T cells attack recipient organs and 
tissues, such as the skin, liver, and gastrointestinal (GI) tract. The clinical out-
comes of severe GVHD patients are generally poor with high morbidity and mor-
tality rate affecting up to 40–60 % of HSCT patients (Jagasia et al. 2012). While 
steroids and immunosuppressive drugs have been used to improve survival rates 
of GVHD patients, steroid-resistant and severe cases of GVHD are not easily 
reversed by current treatment approaches.

Recently, mesenchymal stem cells (MSCs) have emerged as an alternative 
to current pharmacologic drugs in various immunological diseases due to their 
potent immunosuppressive properties regulating both innate and adaptive immune 
responses. Since Ringden’s pilot study using MSCs to treat a steroid-resistant 
patient (Le Blanc et al. 2004), MSCs have been widely studied in both preclinical 
and clinical GVHD settings. While studies have provided valuable information on 
MSC therapy for GVHD, controversy on clinical effectiveness still remains (Kim 
et al. 2013a). In this chapter, we review the developments of MSC therapy for 
GVHD in both preclinical and clinical settings. We discuss the controversies and 
current limitations of MSC therapy and suggest future considerations that should 
be made when using stem cell therapy for GVHD.

15.2  Immunosuppressive Properties of Mesenchymal  
Stem Cells (MSCs)

MSCs are self-renewing multipotent progenitor cells with multilineage potential to 
differentiate into other cell types of mesodermal origin. The International Society 
for Cellular Therapy established the minimal criteria for MSCs, which defines 
MSCs as cells adherent to plastic, cells that express cell-surface molecules CD105, 
CD73, and CD90 but not CD11b, CD79a, CD19 and human leukocyte antigen 
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(HLA)-DR, and cells with the ability to differentiate into osteoblasts, adipocytes, 
and chondroblasts under standard in vitro conditions (Dominici et al. 2006). In 
addition to multipotent stem cell properties, MSCs possess potent immunosup-
pressive and anti-inflammatory effects. These unique properties of MSCs have 
created growing interest in the use of MSCs as a novel therapeutic approach for 
various immunological and inflammatory diseases (Kim and Cho 2013; Kim et al. 
2013b).

15.2.1  Innate Immunity

Macrophages. MSCs are known to interact with various lymphocytes of both the 
innate and adaptive immune system and play a regulatory role in immune mod-
ulation (Fig. 15.1). Within the innate immune system, phagocytic cells such as 
macrophages and neutrophils provide a first-line defense in response to an inflam-
matory response. In response to an inflammatory environment, MSCs are trig-
gered to secrete chemokine ligands including CCL3, CXCL2, and CCL12, which 
attracts monocytes and macrophages into inflamed tissues (Chen et al. 2008). 
MSCs produce TNF-stimulated gene 6 (TSG6) which may attenuate the activa-
tion of recruited “classical” M1 macrophages, which possess pro-inflammatory 
and antimicrobial functions (Choi et al. 2011). Furthermore, the upregulation 
of cyclooxygenase 2 (COX2) and indoleamine 2,3-dioxygenase (IDO) in MSCs 
produces increased levels of prostaglandin E2 (PGE2) and kynurenine (KYN), 
respectively (Nemeth et al. 2009; Maggini et al. 2010). These soluble factors cre-
ate a microenvironment for both monocytes and M1 macrophages to become alter-
natively activated M2 macrophages. M2 macrophages are characterized by a high 
expression of CD206, high levels of interleukin (IL)-10 and low levels of TNF and 
interferon (IFN)-γ production (Kim and Hematti 2009). M2 macrophages express 
lower levels of co-stimulatory molecules compared to M1 macrophages and show 
immunosuppressive activity by secreting high levels of IL-10, which prevents neu-
trophil invasion and effector T-cell stimulation while promoting the generation of 
regulatory T cells (Tregs).

Natural Killer Cells. Natural killer (NK) cells are important effector cells of 
the innate immune system where its function greatly depends on the produc-
tion of pro-inflammatory cytokines. Furthermore, the modulation of NK cells is 
of great interest in the HSCT setting as donor NK cells, in addition to donor T 
cells, provide therapeutic benefit by eradicating tumor cells. However, the role of 
NK cells in the development and pathology of GVHD is unclear. Previous murine 
studies have showed that NK cells are able to suppress the development of GVHD 
by eliminating host APCs and activated donor T cells that are susceptible to NK-
mediated lysis (Olson et al. 2010; Ruggeri et al. 2002).

MSCs are known to interact and inhibit both proliferation and cytotoxicity 
of freshly isolated NK cells. MSCs were also able to strongly impair IL-2- and 
IL-15-activated NK cells in a dose-dependent manner (Sotiropoulou et al. 2006). 
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Furthermore, MSCs inhibit the expression of NK activating receptors such as NK44, 
NKp30, and NKG2D and other functional molecules that are involved in NK-cell 
activation and effector functions, including cytotoxic activity and cytokine produc-
tion (Spaggiari et al. 2008). PGE2 and IDO are fundamental mediators of the MSC-
mediated inhibition of NK-cell proliferation and effector function. Interestingly, 
while the inhibition of NK-cell cytotoxicity required cell-to-cell contact with MSCs, 
the inhibition of NK-cell proliferation did not (Sotiropoulou et al. 2006).

One limitation to the interaction between MSCs and NK cells is that NK cells are 
able to kill both autologous and allogeneic MSCs. MSCs are characterized by low 
levels of HLA class I molecules which makes them undetectable by alloreactive T 
cells, but susceptible to NK-cell-mediated lysis. Furthermore, MSCs express activat-
ing NK receptors including NKG2D ligands, PVR, and DNAM-1 ligands (Spaggiari 
et al. 2006). During the inflammatory responses, pro-inflammatory cytokines, such 
as IFN-γ, upregulate the surface expression of HLA class I and II on MSCs (Le 
Blanc et al. 2003a). However, it is important to note that only activated NK cells 
with high lytic potential through upregulated expression of NKp30 and NKG2D are 
capable of killing MSCs. Resting NK cells do not show cytotoxicity against MSCs, 
even at high effector to target ratio (Spaggiari et al. 2006).

MSCs

- Inhibit proliferation, effector 
function and cytokine production, 
- Downregulate NK  receptors

- Inhibit differentiation 
into DCs

- Inhibit maturation 
- Inhibit  function

- Repolarize into tolDC

- Inhibit proliferation and activation
- Inhibit Th1 and Th17
- Promote Th2

- Induce and recruit Tregs

- Inhibit proliferation and 
activation 
- Inhibit plasma cell 
differentiation  

- Differentiate into Tregs

Fig. 15.1  MSCs interact with various lymphocytes of the immune system. Red arrow indicates 
inhibition. Blue arrow indicates promotion. Black arrow indicates differentiation. Abbreviations 
include as follows: DC dendritic cells; M2 type 2 macrophages; MSCs mesenchymal stem cells; 
NK natural killer cell; Th1 type 1 T helper cell; Th2 type 2 T helper cell; Th17 type 17 T helper 
cell; tolDC tolerogenic dendritic cells; Treg regulatory T cells
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Dendritic Cells. Dendritic cells (DCs) play a critical role in initiating the adap-
tive immune response through the priming of naïve T cells. In the GVHD setting, 
host DCs are critical in initiating GVHD by priming donor T cells with host anti-
gens; however, there is a potential role of donor APCs in augmenting the graft-
versus-host response as well. MSCs are able to inhibit the generation of DCs from 
monocytes and CD34+ precursors (Zappia et al. 2005; Nauta et al. 2006). In the 
presence of MSCs, monocytes did not acquire the necessary expression of CD1a 
and loss of the monocyte marker CD14 (Zappia et al. 2005). When the monocytes 
were stimulated for full DC maturation with lipopolysaccharide (LPS), the mono-
cytes only expressed low levels of co-stimulatory molecules CD80, CD83, and 
CD86 suggesting that MSCs block the key features of DCs (Nauta et al. 2006; 
English et al. 2008). Thus, these cells that were not fully matured showed reduced 
ability to stimulate allogeneic T-cell proliferation in a mixed lymphocyte reaction.

In addition to the repolarization of macrophages mediated by MSCs, conven-
tional antigen-presenting DCs can also be repolarized into anti-inflammatory 
tolerogenic DCs. DCs that are generated in the presence of MSCs produce high 
levels of anti-inflammatory cytokine IL-10 (Spaggiari et al. 2009; Zhang et al. 
2009; Li et al. 2008a; Liu et al. 2012). Furthermore, tolerogenic DCs are often 
characterized as having a semi-mature phenotype, in which DC maturation mark-
ers are downregulated. As mentioned previously, MSCs promote DCs that express 
low levels of co-stimulatory molecules. Although the mechanisms on how MSCs 
induce tolerogenic DCs are unclear, the production of IL-6 (Nauta et al. 2006; 
English et al. 2008; Djouad et al. 2007) and PGE-2 (Spaggiari et al. 2009; Li et al. 
2008a) with or without cell contact has been described to influence promotion of 
tolerogenic DCs.

15.2.2  Adaptive Immunity

T cells. Donor T cells, especially naïve T cells, play a crucial role in the pathogen-
esis of GVHD. In the clinical setting, many treatment approaches have aimed to 
target T-cell proliferation, cytokine production, and effector functions followed by 
activation. MSCs are able to suppress T-cell proliferation through the secretion of 
soluble factors including TGF-β (Keating 2008), hepatocyte growth factor (HGF) 
(Di Nicola et al. 2002), PGE2 (English et al. 2009), IDO (Meisel et al. 2004), 
nitric oxide (NO) (Ren et al. 2008), and hemoxygenase (HO) (Stagg and Galipeau 
2013). In addition to production of soluble factors, MSCs can inhibit T-cell activa-
tion through cell-to-cell contact (Krampera et al. 2003).

Depending on the environment, CD4+ helper T cells (Th0) can differentiate 
into various subsets of effector T cells, including Th1, Th2, and Th17 subsets that 
have different cytokine profiles and functions. Th1 and Th17 cells produce pro-
inflammatory cytokines, such as IFN-γ and IL-17, respectively, promoting GVHD, 
while Th2 cells produce anti-inflammatory cytokine IL-4. MSCs are able to modu-
late the T-cell response by orchestrating the balance between the pro-inflammatory 
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and anti-inflammatory profiles. In an environment that consists of strong inflam-
matory components, such as GVHD, MSCs are able to shift the pro-inflamma-
tory Th1 profile to an anti-inflammatory Th2 profile (Bai et al. 2009; Batten et al. 
2006). MSCs also modulate Th17 cell differentiation mainly through a PGE2 
mediated pathway (Duffy et al. 2011). MSCs are able to prevent the differentiation 
of Th17 cells from naïve Th0 cells and suppress the production of Th17 cytokines, 
including IL-17 and IL-22 (Ghannam et al. 2010).

Regulatory T cells. Regulatory T cells (Tregs) are a unique subpopulation of T 
helper cells that are characterized by the expression of forkhead box P3 (Foxp3) 
transcription factor and are specialized in suppressing immune responses. MSCs 
have been described previously to secrete soluble factors that repolarize lympho-
cytes toward an anti-inflammatory phenotype. Similarly, the coculture of MSCs 
with peripheral blood mononuclear cells (PBMCs) induces the differentiation of 
Foxp3+ Tregs through PGE2 and TGF-β (English et al. 2009; Maccario et al. 
2005). Furthermore, purified MSCs-induced Tregs were functional with potent 
inhibitory effects against alloreactive T-cell proliferation in vitro (English et al. 
2009; Maccario et al. 2005). Importantly, the ability of MSCs to induce and recruit 
Tregs to inflammatory sites has been observed in vivo in various immune-medi-
ated models, including GVHD (Zappia et al. 2005; Joo et al. 2010; Madec et al. 
2009; Choi et al. 2012; Patel et al. 2010).

B cells. While the effects of MSCs on B-cell functions remain contradictory, 
there is evidence that MSCs have close interactions with B cells. B cells play a 
critical role in the development of chronic GVHD (cGVHD), an autoimmune-like 
syndrome associated with autoreactive B cells and antibodies causing tissue fibro-
sis and antibody deposition in tissues. MSCs are able to inhibit B-cell proliferation 
through cell-to-cell contact (Schena et al. 2010) and by arrest of cell cycle G0/
G1 (Corcione et al. 2006), but these effects are often independent of soluble fac-
tors (Schena et al. 2010). Furthermore, MSCs inhibit plasma cell differentiation 
induced by allostimulation (Comoli et al. 2008) and Ig production (Corcione et al. 
2006; Rasmusson et al. 2007). However, studies have also suggested that while 
MSCs are able to suppress B cells activated by various stimuli, such as B-cell 
receptor activation, T-cell co-stimulation, cytokine stimulation, and toll-like recep-
tor (TLR) activation, MSCs are unable to modulate naïve or memory B cells that 
do not require such signals (Traggiai et al. 2008).

15.3  First Clinical Trial Using Mesenchymal Stem Cells 
(MSCs) for Graft-Versus-Host Disease (GVHD)

Based on the preliminary studies that MSCs inhibit the proliferation of alloreactive 
T cells (Le Blanc et al. 2003b), Le Blanc et al. (2004) reported the first clinical 
trial using third-party haploidentical MSCs to treat severe GVHD after allogeneic 
stem cell transplantation. In the reported study, a 9-year-old patient with acute 
lymphoblastic leukemia received allogeneic HSCT from a haploidentical, 
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unrelated, female donor. By day 11 after transplantation, the patient developed 
clinical symptoms of aGVHD such as maculopapular rash, diarrhea, and elevated 
bilirubin, and alanine aminotransferase concentrations. Despite various treatment 
approaches, including prednisone, psoralen, and ultraviolet-A light treatment, inf-
liximab, daclizumab, and methylprednisolone, the patient was still unresponsive to 
treatment. By day 70 after transplantation, the patient developed steroid-refractory 
grade IV aGVHD. Patients with grade III–IV aGVHD are known to have a poor 
outcome where no standard treatment is available. Those with grade IV aGVHD 
have under 5 % long-term survival (Cahn et al. 2005).

The patient was enrolled in the study to receive third-party MSCs. MSCs express 
low levels of major compatibility complex and other co-stimulatory molecules, and 
thus act independently of MHC barriers between donor and recipient (Le Blanc 
et al. 2003b; Stagg et al. 2006). The patient’s mother was selected as donor for MSC 
generation as she was readily available. MSCs were generated from bone marrow 
aspirate and cultured for three weeks. MSCs were confirmed for osteogenic, chon-
drogenic, and adipogenic differentiation as well as the expression of CD166, CD105, 
CD44, and CD29, and the absence of CD34 and CD56. Two million cells per kg of 
the patient’s weight were intravenously infused on day 73 after transplantation.

There were no infusion-related toxicities observed. The patient showed 
improvements in clinical symptoms, such as decline in bilirubin concentration 
and frequency of diarrhea. During the treatment period, cyclosporine treatment 
was discontinued because the patient had remaining minimal residual disease in 
the bone marrow. The patient again showed mild GVHD symptoms and received 
a second infusion of MSCs (1 million cells per kg). After one week of the second 
infusion, he showed rapid recovery and by day 220, he was well and discharged 
from the hospital. Interestingly, after the first MSC infusion, female epithelial cells 
in the colon were detected by X and Y chromosome fluorescence in situ hybridi-
zation (FISH). These female epithelial cells may have derived from the infused 
MSCs of the patient’s mother, as MSCs have been suggested to have healing 
effects on the damaged gut epithelium. However, the female epithelium may have 
also derived from the female donor cells following HSCT.

Ringden’s study clearly demonstrates the potent immunosuppressive 
effects and therapeutic potential of MSCs for the treatment of GVHD patients. 
Furthermore, this study has provided a rationale for the use of MSCs in GVHD 
patients and encouraged numerous preclinical and clinical studies with MSCs for 
prevention and treatment of GVHD.

15.4  Preclinical Studies Using Mesenchymal  
Stem Cells (MSCs)

Many models have been used to investigate the potential of MSCs for the treat-
ment of aGVHD (Application of MSCs in a preclinical cGVHD model has not yet 
been reported due to limited murine models.). However, unlike in vitro studies that 
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have clearly demonstrated MSCs’ immunosuppressive effects against allogeneic 
T-cell responses, in vivo studies have been more contradicting. Thus, many studies 
have focused on factors that may contribute to the therapeutic effects of MSCs in 
an aGVHD setting (Table 15.1).

Cell dose. MSCs are known to inhibit allogeneic T-cell responses in a dose-
dependent manner in vitro; however, this dose-dependent effect has been less 
clear in vivo. While some studies have suggested that MSCs can effectively 
treat GVHD in a dose-dependent manner (Joo et al. 2010; Li et al. 2008b), oth-
ers have shown that therapeutic effect could not be obtained at any dose (Badillo 
et al. 2008; Polchert et al. 2008; Sudres et al. 2006; Tisato et al. 2007). Li et al. 
(2008b), suggested that single doses of 2 × 105, 1 × 106 or 2 × 106 were able 
to delay the development of aGVHD and significantly prolong survival of mice. 
Similarly, Joo et al. (2010) demonstrated that single doses of either 1 × 106 or 
2 × 106 could improve GVHD-related mortality. However, therapeutic effects 
were not observed at a lower dose of 5 × 105. Other studies that have used similar 
or higher doses of MSCs were not able to reproduce the clinical benefits. Sudres 
et al. (2006) used doses from 5 × 105 up to 4 × 106, but there was no effect on 
the incidence or severity of GVHD. A subsequent study investigated whether 
increasing the number of doses compared to single injection could improve treat-
ment (Tisato et al. 2007). It is important to note that in this study, a xenogeneic 
GVHD model was used to test the efficacy of human umbilical cord blood (UCB)-
derived MSCs. While a single dose of 3 × 106 MSCs at the time of human PBMC 
infusion could not alleviate GVHD symptoms, four doses of 3 × 106 MSCs given 
at weekly intervals improved survival and inhibited human PBMC proliferation. 
Surprisingly, when the same four doses of MSCs were given five weeks after 
human PBMC infusion, the therapeutic potential of MSC was lost. In a similar 
study, UCB-derived MSCs given in a single dose at the onset of GVHD could not 
treat GHVD, but repeated injections of MSCs could significantly increase the sur-
vival rate of mice. In contrast to the previous study, multiple doses of MSCs at the 
time of HSCT could not prevent GVHD (Jang et al. 2014).

Timing. In addition to cell dose, other studies began to propose that the timing 
of treatment might play a more critical role in MSC-mediated immune suppres-
sion. In the previously mentioned study (Tisato et al. 2007), multiple doses were 
more effective than a single dose at the time of allogeneic HSCT. However, the 
same multiple-dose treatment showed no clinical benefit five weeks after HSCT, 
when GVHD symptoms were evident. Whether MSCs are more suppressive when 
co-transplanted during HSCT is controversial. Chung et al. (2004) reported that 
even a single dose of MSCs during allogeneic HSCT could prevent aGVHD by 
immune modulation, while others demonstrated that MSCs infused during HSCT 
have no efficacy against aGVHD (Polchert et al. 2008; Sudres et al. 2006; Jang 
et al. 2014; Bruck et al. 2013). Polchert et al. (2008) investigated the effect of 
timing of MSC administration. MSCs were injected on day 0, 2, 20, or 30 fol-
lowing GVHD induction. While MSCs increased the histopathology and survival 
of mice when administered on days 2 and 20 after HSCT, there were no signifi-
cant effects seen when administered on day 0 or 30. Thus, MSCs were ineffective 
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before GVHD development or when GVHD was too severe. This study attributed 
the inconsistency of MSC treatment to the difference in IFN-γ levels at different 
time points of GVHD development. Following transplantation, circulating IFN-γ 
levels were initially absent on the day of transplantation followed by a spike of 
IFN-r by day 7. Then, the IFN-γ concentration gradually dropped from this point 
and absent by day 30. A single infusion at the appropriate time, usually within one 
week of HSCT, was effective (Li et al. 2008b; Polchert et al. 2008).

Pre-activation. MSCs are not constitutively inhibitory, but require acute inflam-
matory Th1 cytokines to acquire immunosuppressive effects (Marigo and Dazzi 
2011). Th1 cytokine, IFN-γ, has been described to be a pivotal component in the 
immunomodulatory activity of MSCs in vitro (Krampera et al. 2006). Treatment 
of MSCs with IFN-γ induced increased secretion of chemokine receptor ligands 
ICAM-1, CXCL-10, and CCL-8 (Krampera et al. 2006; Dazzi and Marelli-Berg 
2008), as well as increased production of immunosuppressive IDO (Hoogduijn 
et al. 2010). Therefore, IFN-γ treatment can enhance MSC migration to inflamma-
tory sites by the induction of chemotactic factors, and by increased production of 
immunosuppressive soluble factors. The role of IFN-γ in MSC-mediated immune 
suppression was also demonstrated in vivo (Polchert et al. 2008). When IFN-γ 
knockout mice were used as effectors of GVHD, MSCs were unable to improve 
the survival regardless of the time of treatment. Furthermore, MSCs pretreated 
with IFN-γ could prevent GVHD even when administered at the time of transplan-
tation (Polchert et al. 2008).

Recently, TLR stimulation has been proposed to induce immune-modulatory 
capacity. TLRs are receptors that recognize pathogen-associated molecular pat-
terns and promote the activation of both innate and adaptive immune cells. Human 
MSCs express high levels of TLR3 and TLR4 (Liotta et al. 2008). Stimulation of 
TLR3 induces MSCs to acquire an immunosuppressive phenotype that produce 
increased levels of IL-10, IDO, and PGE2 (Waterman et al. 2010). However, the 
effectiveness of TLR3-prestimulated MSCs has not been investigated in a GVHD 
model.

Trafficking to inflammatory sites. MSC trafficking to inflammatory sites may 
increase tissue repair at the site of injury by directly providing soluble factors, 
transdifferentiation, and cell fusion. In a bioimaging study, donor splenocytes 
used to induce GVHD expressed green fluorescent protein (GFP) and MSCs used 
for treatment were generated from donor mice expressing red fluorescent protein 
(RFP) (Joo et al. 2011). MSCs were infused on the same day of transplantation 
and were monitored for the biodistribution of MSCs. GFP expression levels were 
mainly detected in the gastrointestinal (GI) tract, liver, skin, and lymph nodes 
after HSCT, indicating major clinical targets of GVHD. After the administration 
of MSCs, the RFP and GFP signals colocalized at the GVHD target sites sug-
gesting that MSCs can home to sites of aGVHD. However, even when MSCs did 
not show therapeutic effects, the engraftment of MSCs was detected in recipient 
mice (Sudres et al. 2006). Therefore, localization of MSCs at inflammatory sites 
of GVHD may not directly correlate with their immunosuppressive potential, 
especially their ability to inhibit alloreactive T-cell proliferation. Recently, it was 
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suggested that improving the migration of MSCs to secondary lymphoid organs by 
transducing the chemokine receptor 7 gene could intensify MSCs’ in vivo immu-
nomodulatory effects (Li et al. 2014).

15.5  Clinical Studies Using Mesenchymal Stem Cells 
(MSCs)

Treatment of aGVHD. Since Ringden’s pilot study in 2004 (Le Blanc et al. 2004), 
MSCs have been extensively studied in steroid-refractory GVHD. In Ringden’s 
subsequent study (Ringden et al. 2006), MSCs were administered in eight patients 
with grades III–IV steroid-refractory GVHD (Table 15.2) and 75 % (six out of 
eight patients) showed complete remission. In other words, patients treated with 
MSCs had a significantly better overall survival rate compared to those who did 
not receive MSC therapy. Furthermore, in this study, MSCs were derived from 
HLA-haploidentical or HLA-identical family donors and unrelated mismatched 
donors. No side effects were observed from unmatched MSCs, and these results 
reduced concerns regarding HLA disparity between the MSC donor and recipi-
ent. The European Group for Blood and Marrow Transplantation obtained similar 
results in a multicenter phase II study using HLA-identical, HLA-haploidentical, 
or third-party mismatched bone marrow-derived MSCs (Le Blanc et al. 2008). A 
total of 55 patients, including twenty-five patients with steroid-refractory GVHD 
were treated with MSCs from various donor sources and had a significantly 
reduced level or transplantation-related mortality.

Based on the safety and efficacy of third-party MSCs, an FDA-approved com-
mercialized MSC product (Prochymal) was developed by Osiris Therapeutics, Inc. 
to promote MSCs as off-the-shelf products. Prochymal is derived from the bone 
marrow of healthy donors and are evaluated in other immune-mediated diseases, 
including Crohn’s disease, and acute myocardial infarction.1 In aGVHD, 
Prochymal was first evaluated in a randomized prospective study to treat GVHD 
directly after diagnosis (Kebriaei et al. 2009). While most clinical studies of 
aGVHD involved steroid-refractory patients who failed first-line treatment, this 
study aimed to treat de novo GVHD patients with a combination of MSCs and 
corticosteroids directly after diagnosis. 29 out of 32 patients (94 %) showed an ini-
tial response without any infusional toxicities or ectopic tissue formation. 
Prochymal was also effective in treating pediatric patients with severe steroid-
refractory aGVHD (Prasad et al. 2011). Treatment of MSCs was able to signifi-
cantly increase the survival of patients. Recently, Prochymal was evaluated in a 
phase III double-blinded, placebo-controlled clinical trial based on their encourag-
ing results (Martin et al. 2010). Surprisingly, there was no clinical benefit seen in 
the MSC-treated group compared to the placebo group in either steroid-refractory 

1Osiris Therapeutics Inc. Products. Osiris Therapeutics Inc.
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or de novo GVHD patients. However, only selected patients with severe liver 
involvement showed improved response rates.

In most clinical trials, MSCs were derived from bone marrow; however, there 
are clinical studies on MSCs derived from other sources. Adipose tissue-derived 
MSCs were evaluated for safety and efficacy as salvage therapy for steroid-
refractory aGVHD (Fang et al. 2006). Furthermore, umbilical cord blood-derived 
MSCs dramatically improved severe grade IV aGVHD (Wu et al. 2011). These 
studies showed promising results that MSCs derived from a source other than 
bone marrow could be used. However, direct comparison between MSCs gener-
ated from different sources has not been investigated. Future studies may shed 
light on the different clinical utility of various donor sources of MSCs. In addi-
tion, MSCs cultivated in platelet-lysate-containing medium have been investigated 
in steroid-refractory GVHD patients (Lucchini et al. 2010; von Bonin et al. 2009). 
Platelet lysates were used to replace fetal bovine serum (FBS) as it was previously 
reported in a study that anti-FBS antibodies were detected in patients that received 
MSCs cultivated in FBS containing medium (Sundin et al. 2007). However, the 
clinical significance of anti-FBS antibodies is unclear. Overall, donor source and 
cultivations need to define in controlled studies.

Treatment of cGVHD. The therapeutic effects of MSCs in cGVHD patients 
have been less clear. In one study, bone marrow-derived MSCs were used to treat 
patients with sclerodermatous cGVHD and all four patients showed significant 
improvement from MSC therapy (Zhou et al. 2010). However, most cGVHD-
related studies suggest MSCs to be less effective than in aGVHD (Lucchini et al. 
2010; Muller et al. 2008; Weng et al. 2010). While 14 of 19 patients (73.7 %) 
showed initial response, the majority of patients showed either a partial or mixed 
response, suggesting that MSCs are not able to fully function in the cGVHD set-
ting (Weng et al. 2010). The number of cGVHD studies that have investigated 
MSC treatment is still not enough to undermine the efficacy of MSCs in cGVHD. 
Additional studies are needed to confirm effectiveness of MSCs and to address 
their limitations in the chronic setting.

Prophylaxis of GVHD. Although many preclinical studies have suggested that 
MSCs are not effective for GVHD prevention, clinical trials have co-transplanted 
MSCs with hematopoietic stem cells (HSCs) to prevent GVHD development and 
to facilitate engraftment (Baron et al. 2010; Kuzmina et al. 2012; Lazarus et al. 
2005; Ning et al. 2008). In all studies, MSCs were well tolerated and did not show 
any infusion-related adverse events and other late-term complications. Culture-
expanded third-party MSCs were co-transplanted with HLA-mismatched HSCs 
(Baron et al. 2010). The 100-day cumulative incidence of aGVHD was 45 and 
56 %, and the 1-year incidence of death from GVHD was 10 and 31 % in the 
MSC-treated group and historic control group, respectively. MSCs were also co-
transplanted with HLA-matched HSCs (Ning et al. 2008). The co-transplantation 
of MSCs reduced the development of grades II–IV aGVHD. However, the out-
comes were not statistically significant due to the small number of subjects. In a 
more recent study, 37 patients were randomly divided into two groups to receive 
standard GVHD prophylaxis alone or GVHD prophylaxis combined with MSCs 
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(Kuzmina et al. 2012). Only one of the 19 patients in the MSC-treated group 
developed aGVHD, where as 6 of 18 patients developed aGVHD in the non-MSC 
group. However, in this study, MSCs were not co-transplanted with HSCs but 
were infused at the time of blood count recovery, which may have affected the set-
ting of the infused MSCs. Trials of MSCs for GVHD prevention are still lacking, 
and additional studies are needed to evaluate their efficacy.

Complete responders of GVHD. Due to small sample size and heterogeneous 
treatment protocols and MSC products, it is difficult to characterize the complete 
responders of MSC treatment. However, it is clear that MSC treatment is more effec-
tive in certain settings. In most trials, the response rates of patients were evaluated 
according to the internationally accepted criteria before and after MSC treatment 
(Przepiorka et al. 1994). Complete response (CR) is defined as loss of all symp-
toms of GVHD, while partial response is defined as the improvement of at least one 
grade. In many studies, MSC treatment appears to be more effective in pediatric 
patients. In a multicenter trial, a greater proportion of pediatric patients responded 
to MSCs than adults (Le Blanc et al. 2008). Subsequent trials specifically aimed to 
treat pediatric patients (Prasad et al. 2011; Lucchini et al. 2010; Muller et al. 2008).

Patients with skin-involved GVHD generally had a higher response rate to 
MSC treatment (Lucchini et al. 2010; von Bonin et al. 2009; Muller et al. 2008). 
In contrast, some studies have suggested that gastrointestinal GVHD may respond 
better. The second-largest academic multicenter trial focused on the treatment 
of severe gastrointestinal GVHD patients and patients with severe liver involve-
ment (Resnick et al. 2013). MSC therapy was successful in obtaining a positive 
response (either CR or PR) in the majority of cases, especially patients with gas-
trointestinal symptoms. On the other hand, despite given intrahepatic injections, 
patients with liver disease showed poor response to MSCs. In the phase III trial 
using Prochymal as a first-line treatment in combination with steroids, majority of 
patients had skin involvement (Martin et al. 2010). However, these skin-involved 
patients responded significantly better to steroids alone even without MSC. When 
MSCs were added as a second-line treatment in steroid-refractory liver and GI 
GVHD patients, significantly improved rates were seen. However, whether this 
improvement is attributed to different organ involvement or the fact that MSCs 
were used as salvage therapy after failure of corticosteroid treatment is unclear.

Majority of studies involved patients resistant to conventional steroids and 
failed at least their first-line treatment (Ringden et al. 2006; Le Blanc et al. 2008; 
Fang et al. 2006; Wu et al. 2011; von Bonin et al. 2009). It is important to rec-
ognize, however, that there is generally a lack of studies on de novo GVHD, 
cGVHD, and GVHD prevention. There is some evidence that MSCs may be less 
effective in cGVHD (Lucchini et al. 2010) and GVHD prophylaxis (von Bonin 
et al. 2009). In studies that included aGVHD and cGVHD patients, the response 
was higher in aGVHD (Lucchini et al. 2010; Muller et al. 2008). Furthermore, the 
infusion of MSCs for prevention could prevent the development of aGVHD, but 
cGVHD was unaffected (Kuzmina et al. 2012). More specific patient recruitment 
and study design will allow critical analysis of the effects of MSC treatment in 
various GVHD settings.
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15.6  Side Effects of Mesenchymal Stem Cells (MSCs)  
for Graft-Versus-Host Disease (GVHD)

MSC-related side effects have not yet been reported in any of the clinical trials 
reported. Multiple infusions of MSCs from various sources have been well toler-
ated in both adult and pediatric patients. However, concerns still remain regarding 
the use of MSCs.

A major issue for patients with hematologic malignancies is that immunosup-
pression induced by MSCs may abrogate the intended graft-versus-leukemia 
(GVL) effect of allogeneic HSCT. Preclinical studies have demonstrated that 
MSCs promote tumor growth and metastasis by supporting the tumor microenvi-
ronment (Zhu et al. 2006; Karnoub et al. 2007; Djouad et al. 2003). In the clinic, 
the impact of MSCs on GVL effect remains to be elucidated. Ning et al. (2008) 
observed that hematologic malignancy patients who were cotransplanted with 
MSCs during HSCT had higher relapse rates than in the control group. Six out 
of ten patients treated with MSCs experienced relapse, whereas only three out of 
fifteen patients in the control group relapsed. In another study, however, the co-
administration of MSCs could prevent the development of GVHD while maintain-
ing the GVL effect (Baron et al. 2010). It is important to note that the sample size 
of these studies is too small to draw any conclusions. Therefore, further studies are 
necessary to demonstrate that MSC-mediated immune suppression does not inter-
fere with GVL effect.

In addition to the potential of promoting relapse, concerns about malignant 
transformation have been raised. While ex vivo expansion of human MSCs is 
considered safer than murine MSCs (Tolar et al. 2007; Lepperdinger et al. 2008; 
Bernardo et al. 2007), there have been reports that even human MSCs may be sus-
ceptible to malignant transformation during long-term cultures (Wang et al. 2005). 
It is, thus, important to avoid unnecessary manipulation of prolonged culture of 
MSCs.

15.7  Limitations of Stem Cell Therapies

Considerable progress has been made in the development of MSC treatment for 
GVHD. However, MSC therapy is now faced with ambiguities regarding clini-
cal utility. Several preclinical studies have previously failed to exhibit therapeu-
tic potential of MSCs regardless of various timing and dose (Badillo et al. 2008; 
Sudres et al. 2006; Prigozhina et al. 2008). MSC therapy in the clinical setting 
has also showed mixed results depending on age, severity, and organ involvement 
of GVHD patients. Recently, a phase III industry-sponsored trial (NCT00366145) 
examined the use of a commercial MSC product (Prochymal; Osiris Therapeutics, 
Inc) for the treatment of steroid-refractory GVHD. However, in 2009, it was pub-
licly reported that Prochymal MSCs failed to achieve increased complete response 
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rate compared to placebo controls (Martin et al. 2010). Although some studies 
have undoubtedly justified the clinical efficacy of MSCs, these conflicting out-
comes have left unanswered questions for many investigators. Regarding the fail-
ure of Osiris’ clinical trial, Galipeau (2013) presented a review article discussing 
the potential variables affecting MSCs. He focuses on four main variables—donor 
variance, epigenetic reprogramming, immunogenicity, and cryopreservation—and 
discusses that subtle difference during the production of MSCs, such as donor 
source and culture methods may result in variable potency in vivo.

We propose two additional explanations that may be associated with discrep-
ancies in clinical outcomes. First, timing of administration of MSCs is also criti-
cal in the clinical setting. There is only a narrow window for MSC administration 
due to their need for licensing, as described in preclinical studies (Polchert et al. 
2008). It should be noted that majority of clinical trials have focused mainly on 
the treatment of established aGVHD patients. However, the use of MSCs for 
GVHD prophylaxis and for the treatment of cGVHD is still limited. This may be 
due to inadequate IFN-γ concentrations needed for MSC licensing at different 
time points of the disease course. Based on Galipeau’s perspective, different donor 
sources may have different IFN-γ responsiveness making some batches of MSCs 
more potent than others in the same environment (Galipeau 2013). Another pos-
sible explanation is that following myeloablative-conditioning regimen for alloge-
neic HSCT, a temporal gap until the donor-derived Tregs are fully induced may 
limit MSC’s suppressive potential.

Second, there is emerging evidence that MSCs are limited in their ability to 
regulate Th17 responses. Initially, it was believed that GVHD was primarily a 
Th1-mediated immune response. However, studies have observed that a complex 
interaction between Th1 and Th17-mediated responses exist during the develop-
ment of GVHD (Teshima 2011). While Th1 cytokine, IFN-γ, is known to enhance 
the immunosuppressive activity of MSCs (Polchert et al. 2008; Dazzi and Marelli-
Berg 2008), the effects of the Th17 response on MSCs are less clear. In our 
study, we investigated the therapeutic potential of MSCs in Th-17-mediated col-
lagen-induced arthritis (CIA) (Park et al. 2011); however, MSCs were ineffective 
in immune modulation. In fact, MSCs aggravated the disease by promoting the 
expansion of Th17 cells. MSCs are known producers of TGF-β and IL-6, which 
are key cytokines that reciprocally regulate the differentiation of naïve T cells 
into either Tregs or Th17 cells (Guo et al. 2009; Eljaafari et al. 2012; Chen et al. 
2010). In the presence of pro-inflammatory cytokines, such as IFN-γ and TNF-
α, MSCs produce significant levels of IL-6 in addition to TGF-β. This combina-
tion of TGF-β and IL-6 can induce polarization of naïve T cells into Th17 cells 
(Svobodova et al. 2012). In the presence of pro-inflammatory cytokines in certain 
GVHD settings, MSCs may aggravate GVHD by promoting Th17 cell expan-
sion. As previously mentioned, only a few trials have attempted to treat cGVHD 
patients. While only limited studies exist to attribute the failure of MSCs to their 
inability to suppress Th17 responses, understanding the mechanism of MSCs in 
Th17 environment may provide valuable answers for the use of MSCs in autoim-
mune-like cGVHD patients.
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Taken together, consideration of both MSC product development and their 
application in appropriate settings is needed for MSCs to achieve their full clinical 
potential in GVHD.

15.8  Future Considerations

Gene-transduced MSCs. MSCs’ inherent homing abilities to inflammation rep-
resent an opportunity to deliver various therapeutic proteins to target sites (Karp 
and Leng Teo 2009; Chapel et al. 2003). Furthermore, sustained expression of 
therapeutic genes can enhance the potency of MSCs. In a mouse model, IL-10-
transduced MSCs were used to treat aGVHD (Min et al. 2007). While untrans-
duced MSCs were ineffective in suppressing the development of aGVHD, 
IL-10-transduced MSCs decreased mortality rates of mice, which correlated with 
decreased levels of pro-inflammatory cytokines. This clinical benefit was directly 
associated with MSCs ability to deliver IL-10 to GVHD target sites as systemic 
administration of recombinant IL-10 failed to improve GVHD. In addition, genes 
encoding chemokine receptors that improve the migration, such as CCR7 (Li et al. 
2014), could also be considered.

Other studies have suggested genetically engineered MSCs that produce vari-
ous anti-inflammatory cytokines in immune diseases. In our study, we showed that 
MSCs transduced with TGF-b could potently suppress CIA models compared to 
untransduced MSCs (Park et al. 2011). In addition, MSCs engineered to overex-
press IL-4 could attenuate experimental autoimmune encephalomyelitis (Payne 
et al. 2012). Further studies are needed to verify the effects of different genetically 
engineered MSCs in the GVHD setting.

Importantly, the use of genetically engineered MSC may raise critical safety 
issues. In addition to manipulation of MSCs, the overexpression of anti-inflamma-
tory cytokines may prevent the necessary GVL effect in hematologic malignancy 
patients. Therefore, while genetically engineered MSCs have proved to be a more 
powerful approach than normal MSCs, its safety in the clinical setting must be 
determined.

Combinatory Cell-Based Immune Modulation (CCIM). One of MSCs’ major 
mechanisms of immune modulation is the induction of Tregs, both in vitro and in 
vivo (Joo et al. 2010; Burr et al. 2013). Tregs suppress effector T-cell responses 
themselves and are therefore considered as a source of cell therapy in various 
immune-mediated diseases including GVHD. In preclinical and clinical settings, the 
administration of Tregs was able to improve GVHD (Taylor et al. 2002; Hoffmann 
et al. 2002; Edinger et al. 2003; Cohen et al. 2002; Brunstein et al. 2011); however, 
studies have demonstrated that Tregs may lose suppressive capacity once admin-
istered and differentiate into pathogenic T cells (Rubtsov et al. 2010; Beres et al. 
2011). Furthermore, MSC-mediated immune modulation is often dependent on the 
presence of endogenous Tregs. Early injection of MSCs may be ineffective because 
endogenous Tregs have not repopulated following myeloablative-conditioning 
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regimen. In a previous study, it was reported that MSCs and Tregs do not impair 
each other’s respective functions (Engela et al. 2013). Therefore, the combination 
of two immunosuppressive cell types, MSCs and Tregs, may be able to enhance the 
immunomodulatory effects in GVHD. We postulated that soluble factors secreted 
by MSCs can promote the induction of Treg differentiation, and in turn, the 
cytokines produced by Tregs can promote immunosuppressive potential of MSCs. 
In our study, we compared single cell therapy groups (MSCs or Tregs alone) with 
CCIM using MSCs and Tregs group in an aGVHD model (Lim et al. 2014). We 
observed that the CCIM approach had synergistic immunomodulatory effects in 
inducing long-term survival and reducing clinicopathological symptoms of GVHD. 
Furthermore, the CCIM group was able to effectively inhibit the IL-17 response. 
Thus, CCIM approach could be most effective during early post-transplant period, 
but also during elevated IL-17 levels of GVHD. We investigated CCIM with MSCs 
and Tregs in other transplantation models, including the induction of mixed chimer-
ism following nonmyeloablative allogeneic HSCT (Im et al. 2014), and the pre-
vention of allogeneic skin graft rejection (Lee et al. 2013), and saw similar results. 
Further studies will be needed to characterize the interactions between the MSCs 
and Tregs and the mechanisms of CCIM. Finally, future studies should address the 
possibility of combining other immunosuppressive cell types, such as tolerogenic 
DCs or IL-10-producing Type 1 Treg cells (Tr1 cells) with MSCs.

Multipotent adult progenitor cells (MAPCs). In addition to MSCs, MAPCs are 
a similar type of adult stem cells derived from bone marrow. MAPCs were first 
described in the rat and mouse bone marrow as stem cells with the potential to 
proliferate without senescence and to differentiate into cells of three germ lay-
ers (Jiang et al. 2002). While there are similarities, comparative analysis between 
MSCs and MAPCs concluded that the two cell types are distinct cell populations 
(Roobrouck et al. 2011; Jacobs et al. 2013a). Like MSCs, MAPCs exert immu-
nomodulatory effects on T-cell proliferation through cell-to-cell contact and sol-
uble factors. In addition to low expression of MHC class II and co-stimulatory 
molecules, MAPCs express low levels of MHC class I, suggesting their potential 
as off-the-shelf products (Jacobs et al. 2013b). However, MAPCs are smaller in 
size and can expand for over 70 passages in vitro (Jiang et al. 2002).

Based on these characteristics, MAPCs have been reported to inhibit aGVHD 
in preclinical models (Kovacsovics-Bankowski et al. 2009; Highfill et al. 2009). 
MAPCs are now being produced as a clinical-grade, large-scale expanded product 
by Athersys, Inc. (MultiStem). The efficacy of MultiStem has been confirmed in 
preclinical settings (Kovacsovics-Bankowski et al. 2008; Boozer et al. 2009) and 
is now being evaluated in a number of phase I/II clinical trials in stroke, myocar-
dial infarction, inflammatory bowel disease, and GVHD (Vaes et al. 2012).2 In a 
phase I dose-escalation study, MAPCs were assessed as a prophylaxic treatment 
for patients undergoing allogeneic HSCT for hematologic malignancies (Vaes 
et al. 2012). MAPCs were well tolerated without any adverse effects. Moreover, 

2Athersys I MultiStem: a novel stem cell therapy. Athersys, Inc.
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there was a significant reduction in the incidence of aGVHD in comparison with 
historical data. Further studies are needed to understand the immune-modulatory 
mechanisms and clinical efficacy. Nonetheless, MAPC therapy is a promising 
approach for GVHD patients.

Induced pluripotent stem cell-derived MSCs. Yamanaka et al., described the 
induction of pluripotent stem cells (also known as induced pluripotent stem cells; 
iPSCs) by reprogramming differentiated cells, such as fibroblasts to an embryonic-
like state (Takahashi and Yamanaka 2006). The transfer of four factors, Oct3/4, 
Sox2, c-Myc, and KLF4 under embryonic culture conditions can convert fibro-
blasts to iPSCs. iPSCs exhibit characteristics of embryonic stem cells, including 
morphology, gene expression, differentiation potential, and teratoma formation. 
While iPSCs have great potential for various diseases, they have been criticized in 
that the insertion of genes, c-Myc in particular, may cause cancers and aberrations 
in reprogrammed cells (Okita et al. 2007; Gore et al. 2011). Clinical-grade iPSCs 
are under development, but improved reprogramming technology for safe iPSC 
generation is critical to avoid tumor formation caused by gene transfer.

Recently, MSCs derived from iPSCs have been suggested to overcome expan-
sion and differentiation potential (Jung et al. 2012). iPSC-derived MSCs have 
been applied in ischemia and periodontitis preclinical models (Yang et al. 2014; 
Lian et al. 2010). These cells could be generated in clonal expansion cultures and 
showed the same surface marker expression as well as differentiation potentiation 
comparable to bone marrow-derived MSCs. Furthermore, iPSC-derived MSCs 
exhibited potent immunosuppressive effects in both models. Interestingly, iPSC-
derived MSCs were superior to bone marrow-derived MSCs in inducing vascular 
and muscle regeneration in ischemic mice (Lian et al. 2010). The authors suggested 
that the greater potential of iPSC-derived MSCs is attributable to better survival 
and engraftment in vivo. However, due to safety issues and regulatory requirements 
of iPSCs, iPSC-derived MSCs still have a long path ahead for entry into the clinic.

15.9  Conclusion

The therapeutic potential of MSCs has provided sufficient evidence for their appli-
cation in GVHD. With the appropriate dose, timing, and environment, MSCs have 
the capacity to alleviate clinical symptoms of GVHD. While results until today 
have been encouraging, inconsistencies still exist regarding their clinical utility. 
The accumulated observations on MSC therapy for GVHD in both preclinical and 
clinical settings now require critical analysis for future improvements. To achieve 
full clinical potential of MSCs, specific markers of MSCs, standardized protocols 
for expansion, dosage, and timing of MSC therapy need to be elucidated. Also, 
novel approaches to MSC therapy are needed to enhance their immunosuppressive 
effects, such as gene transduction, combined therapy, and the use of other adherent 
stem cell therapies. Increasing our understanding of MSCs will help facilitate the 
development of an improved MSC therapy for GVHD.
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Abstract Multipotent stem cells (MSCs) are cells that can renew themselves 
and transform into the major specialized cell types of tissues or organs, includ-
ing hepatocyte-like cells. As MSCs provide promising potential for patients with 
liver disease, in this respect, we focus not only on the clinical application of MSCs 
but also on the mechanisms of therapy that will promote and improve treatment 
for liver diseases. The technology of MSCs transplantation was first used to treat 
patients with liver disease in 2005, indicating the supportive hepatic role of stem 
cell therapy in vivo. Since then, many source-derived MSCs including autologous 
bone marrow-derived stem cells, autologous peripheral blood-derived stem cells, 
autologous hematopoietic stem cells, autologous bone marrow-derived mesenchy-
mal stem cells, allogeneic umbilical cord blood-derived stem cells, and allogeneic 
umbilical cord-derived mesenchymal stem cells have been used for liver disease 
therapy. Most of these studies have showed inspiring results of stem cell therapy 
for liver diseases, including the improvement of serum parameters, the recovery 
of hepatic function, and even the improvement of quality of life, with less adverse 
effects after MSCs transplantation. Indeed, after transplantation, MSCs were 
found to migrate to the recipient’s liver and express the donor’s hepatocyte mark-
ers. Recent studies have demonstrated that MSCs, especially mesenchymal stem 
cells, possess both a hepatic differentiation property and an immune-tolerant phe-
notype and immunosuppressive and immunomodulatory capacities in vitro and in 
vivo. The beneficial effect of stem cell therapy on liver disease may result from the 
supportive roles of stem cells, particularly the immunomodulation.
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16.1  Introduction

The liver is the largest digestive gland in human body and the central site of mate-
rial and energy metabolism. A diversity of risk elements, especially viruses, causes 
great damage to the liver, resulting in its dysfunction or failure associated with 
high levels of morbidity and mortality. In China, the HBV-carrying rate of the pop-
ulation has increased to 7.18 %, whereas that of HCV is 3.2 %. It is estimated that 
there are over 6 million patients newly diagnosed with liver cirrhosis every year, 
with a mortality rate of 20–30 %. According to the data, nearly 500,000 patients 
died from decompensated liver cirrhosis and associated complications. Currently, 
most of the treatment for decompensated liver cirrhosis relies on drugs or bioarti-
ficial liver systems to extend the life span of patients, with unsatisfactory results. 
Indeed, liver transplantation is the only effective treatment for patients with end-
stage liver disease. However, the short supply of donor organs and the possible 
complications and immune rejection after transplantation limit its clinical appli-
cation. The most promising treatment at present is the new field of regenerative 
medicine and in particular the use of multipotent stem cells (MSCs), which are 
considered to be an alternative method of organ donation to treat liver disease.

Stem cells are a class of cells that can self-renew and differentiate into mul-
tiple cell lineages of tissues or organs, including hepatocyte-like cells. The first 
report of stem cell transplantation that was used to treat patients with liver disease 
was in 2005, indicating the supportive hepatic role of stem cell therapy (Hengstler 
et al. 2005). Several main types of stem cells including autologous bone marrow-
derived stem cells, autologous peripheral blood-derived stem cells, autologous 
hematopoietic stem cells, autologous bone marrow-derived mesenchymal stem 
cells, umbilical cord blood-derived stem cells, and umbilical cord-derived mes-
enchymal stem cells have been used for liver disease therapy. These stem cells 
possess the common stem features, yet also retain their particular advantages 
and disadvantages. In the following section, we discuss the preclinical and clini-
cal application of these particular cells in liver disease and the possible molecular 
mechanisms by which MSCs improve hepatic function and ameliorate liver injury.

16.2  Clinical Application of Stem Cells

To date, there are many studies on multipotent stem cellular therapy for patients 
with liver disease, such as viral hepatitis, alcoholic liver disease, and autoimmune 
liver disease. Several varieties of MSCs have been considered as a source of cell 
therapy, a potential therapeutic treatment for organ donation, which is not always 
possible but the only effective method for end-stage liver disease. In liver regen-
eration studies, both animal and human trials have demonstrated and highlight 
the importance and potential of stem cell use in liver injury and repair. The aim 
of this study is to review these researches and compare the quality and efficacy 
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of different stem cell treatment and to explore a possible better direction to guide 
future application.

16.2.1  Bone Marrow-Derived Stem Cells

Bone marrow-derived stem cells (BMSCs) are usually mononuclear cells har-
vested from bone marrow, mainly from the iliac crest under epidural anesthesia. 
There are three predominant populations of BMSCs, namely mesenchymal stem 
cells (MSCs), hematopoietic stem cells (HSCs), and endothelial progenitor cells 
(EPCs). This special cell from bone marrow has reportedly been used in hemato-
logical diseases and myocardium and blood vessel regeneration (Tateishi-Yuyama 
et al. 2002), and several studies have applied stem cells for radiogenic oral 
mucositis (Sumita et al. 2014), heart and skeletal muscle tissue repair (Souza et al. 
2014), and nerve regeneration (Salomone et al. 2013). These findings suggest that 
bone marrow stem cells could be effective sources for liver regeneration. Recent 
studies have indicated that BMSCs can be used to improve liver disease, including 
HBV-related liver cirrhosis, alcoholic liver disease, and acute liver failure.

Indeed, animal studies focusing on the therapy of bone marrow stem cells 
for liver diseases have presented exciting results. Shizhu et al. (2012) suggested 
that systemically delivered bone marrow mononuclear cells may migrate and 
be retained by the injured liver, showing an overall beneficial effect in a murine 
model of acute liver failure. Evidence has indicated that autologous BMSC trans-
plantation may reduce ELRLA-induced liver injury and improve survival rates in 
hepatic fibrosis rats (Xu et al. 2013). To confirm the potential of stem cell therapy 
for liver disease, the researchers traced labeled stem cells which were injected 
into the animal body and detected the location of the cells. One study transplanted 
GFP-positive BMSCs into a carbon tetrachloride (CCL4)-induced liver injury 
model via the tail vein, demonstrating that BMSCs populated the damaged liver 
and transdifferentiated into functional mature albumin-producing hepatocytes 
(Terai et al. 2003). Preclinical results are promising, and studies about the clinical 
application of bone marrow stem cells are worthy of consideration.

Nine patients with decompensated liver cirrhosis were reported to undergo 
autologous bone marrow cell infusion from a peripheral vein. After transplanta-
tion, significant improvement in serum albumin levels and total protein of patients 
were observed during the follow-up period (Terai et al. 2006). Additionally, the 
infusion of BMMCs through the hepatic artery in patients with cirrhosis was found 
to be feasible, and improvement in liver function occurred after this intervention 
in some patients (Couto et al. 2011). However, the results of such studies are not 
always satisfactory. Laurent et al. randomly assigned 58 patients (all with cirrho-
sis, 81 % with alcoholic steatohepatitis) to a group receiving standard medical 
therapy or combined with granulocyte colony-stimulating factor (G-CSF) injec-
tions and autologous bone marrow mononuclear cell transplantation (BMMCT) 
into the hepatic artery (Spahr et al. 2013). However, there were no significant 
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differences between the two groups, suggesting insufficient regenerative stimula-
tion after BMMCT or resistance to liver regeneration. Unpredictably, when inves-
tigating the mobilization and hepatic recruitment of bone marrow (BM) stem cells 
in patients with alcohol liver injury and their contribution to parenchymal/non-
parenchymal liver cell lineages, researchers found that BMSCs contributed to the 
hepatic myofibroblast population and did not promote hepatocyte repair (Dalakas 
et al. 2010). Thus, further studies are necessary to maximize the use of BMSCs in 
the therapy for liver diseases.

Presently, the only way to obtain BMSCs is by aspiration of BM from the 
iliac crest, which requires general anesthesia and may cause local complica-
tions. Through such studies, adverse side effects related to the transplantation of 
BMMCs have been reported, including hematoma, acute variceal bleeding, liver 
failure, and even death (Spahr et al. 2013). For optimal stem cell therapy, the pres-
ence of the injected cells in the liver should be confirmed. However, most stud-
ies have been designed to compare the therapeutic role of BMSCs with previous 
standard methods, ignoring the work associated with determining the positive 
or negative role played by BM stem cells. In addition, the culture of stem cell in 
vitro to increase their numbers will also increase the cost and risk of contamina-
tion before injection (Terai et al. 2006; Lyra et al. 2007). Based on past studies of 
BMSCs for the treatment of liver disease, it is clear that the following considera-
tions need to be urgently addressed: the cell number, the injection route, the trace 
and location of cells, and the related side effects. Additionally, long-term observa-
tion and randomized control trials should make the future application of stem cells 
from BM more convincing.

16.2.2  Peripheral Blood-Derived Stem Cells

Peripheral blood is considered to be a good source of stem cells for basic and clin-
ical research. Peripheral blood-derived stem cells are mononuclear cells obtained 
from peripheral blood; actually, these stem cells are mobilized from BM with 
the pretreatment of G-CSF and later collected by a special separator machine. 
These stem cells have the potential to differentiate into various progenitor cells, 
such as blood cells, endothelial cells, osteoblasts, neural cells, and hepato-
cytes. Furthermore, these stem cells have been reported to be associated with 
AML1/ETO(+) acute myeloid leukemia, multiple sclerosis (Simpson et al. 2014), 
and lung diseases (Bahr et al. 2013). Additionally, they show great benefit in liver 
diseases therapy, and their transplantation can result in tissue regeneration and 
repair after injury. Indeed, several distinct progenitor cell populations have been 
found in peripheral blood monocytes (PBMCs), including HSCs, MSCs, EPCs, 
and some other precursor cells, explaining their multidifferential ability in differ-
ent microenvironments (Zhang and Huang 2012).

Preclinical studies play a vital role in the clinical use of stem cells. Our study 
group once harvested CD14+ cells from PBMCs and transplanted them into the 
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female rats with CCL4-induced liver cirrhosis, resulting in an increasing serum 
albumin level and a decreasing portal vein pressure (Wang et al. 2010). Later, we 
also illustrated that PBMCs from decompensated liver cirrhosis could differenti-
ate into hepatocyte-like cells in vitro (Yan et al. 2007). In the ensuing research, 
we isolated PBMCs from one cirrhotic patient, which were mobilized by recombi-
nant human granulocyte colony-stimulating factor for 3 consecutive days. We then 
transplanted these PBMCs into nude mice via tail vein after labeling them with 
PKH26-GL to locate the transplanted PBMCs and detect the expression of human 
hepatocyte markers. The results demonstrated that the PBMCs from decompen-
sated cirrhosis liver could migrate into the liver of nude mice and express human 
hepatocyte markers, indicating that autologous PBMC transplantation might be an 
alternative therapy for decompensated liver cirrhosis (Yan et al. 2008).

Of course, animal studies are not sufficient to indicate the wide use of PBMCs 
to cure liver disease, and clinical research is rather important. Based on the prom-
ising preclinical data, two patients with advanced-stage alcoholic liver cirrhosis 
were treated with PBSCs mobilized by G-CSF (Yannaki et al. 2006). Both patients 
showed a lasting amelioration in the clinical course of the disease, with a safe and 
well-tolerated procedure, which may be considered as a bridging therapy prior 
to organ transplantation or to reverse decompensated cirrhosis. Our study group 
conducted controlled trials in hepatitis B virus-related decompensated liver cirrho-
sis patients, with a total of 40 subjects (31 men and 9 females) recruited into two 
groups. Group 1 received G-CSF mobilization, PBMC collection by leukaphere-
sis, and PBMC transplant therapy. Group 2 only received G-CSF mobilization for 
4 days. The liver function of the two groups was monitored by blood examination 
and ultrasonography at baseline and 6 months later. We were excited to find that 
compared with group 2, a significant amelioration of liver function was observed 
in group 1, including an elevated serum albumin level and a decreased CTP score 
(P < 0.05), and with no major adverse effects (Han et al. 2008).

In comparison with other types of stem cells, the isolation of peripheral 
blood is less invasive and does not require anesthesia. In addition, with autolo-
gous peripheral blood stem cells, patients do not need long-term immunosup-
pressive therapy and avoid the problem of ethical limitations (Bensinger et al. 
1995; Hassan et al. 1996). However, as the application of G-CSF induces spleen 
enlargement in peripheral blood cell donors and patients with hematologic malig-
nancies (Picardi et al. 2003), the stringent selection, especially regarding the size 
of spleen, may result in the low rate of eligibility. Moreover, additional and fur-
ther clinical trial research is required to study the use of these cells to treat liver 
diseases.

16.2.3  Hematopoietic Stem Cells

HSCs, which are the source of all circulating mature blood cells, were first 
described in the early studies of Till and McCulloch (Till and Mc 1961). These 
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cells are the predominant stem cells within the BM, express the important maker 
CD34, and are able to renew themselves and differentiate into the progenitor cells, 
or colony-forming units, of the hematopoietic system. However, a small portion of 
the cells are CD133 positive and not CD34 positive. Thus, the transplantation of 
autologous stem cell first requires the harvesting from BM first and then relies on 
antibodies and immunomagnetic beads or FACS to sort the CD34+ and CD133+ 
stem cells. HSCs have been reported to be used to alleviate kidney injury (Burst 
et al. 2013), acute lymphoblastic leukemia (Ribera 2011), and diabetes mellitus 
(Vanikar et al. 2010).

Cirrhosis represents a late stage of progressive hepatic fibrosis characterized 
by a distortion of the hepatic architecture and the formation of regenerative nod-
ules. A number of scientists are working to find an alternative method to treat liver 
cirrhosis instead of organ transplantation, which is rarely applied due to its limi-
tations. The most promising treatment at present may be the new field of regen-
erative medicine and in particular the use of stem cells. Numerous preclinical 
studies have demonstrated the ability of HSCs to improve liver function, alleviate 
liver injury and cirrhosis, and contribute to liver regeneration in animal models of 
liver disease (Zhan et al. 2006; Yu et al. 2012; Schmelzle et al. 2013; Tsolaki et al. 
2014).

In clinical studies, five patients with liver insufficiency were injected with 
1 × 106–2 × 108 autologous CD34+ cells that were mobilized with G-CSF 
from peripheral blood cells (Gordon et al. 2006). In three patients, the cells 
were injected into the portal vein under CT scan, and in two patients, they were 
injected via the hepatic artery. The results of the study highlighted the dramatic 
improvement in liver function of patients. There were no mortalities or specific 
side effects, except for mild pain and discomfort at the site of CD34+ cell infu-
sion. In another beneficial study, six patients with end-stage liver disease were 
subjected to the intraportal administration of autologous BM-derived CD133+ 
HSCs in comparison with mononuclear cells, with short-term (6 months) and 
long-term (24 months) follow-up (Nikeghbalian et al. 2011). Even though there 
was no significant alteration of liver serum parameters, this investigation proved 
the safety and practicability of this therapeutic approach to end-stage liver disease 
as a promising alternative for patients on waiting lists for liver transplantation. 
Additionally, it was reported that four patients with decompensated cirrhosis were 
infused with BM-derived CD34+ HSCs through the hepatic artery in order to alle-
viate the damage of liver (Mohamadnejad et al. 2007). Although the liver function 
parameters, such as serum albumin and prothrombin time (PT), improved at first, 
one patient suffered from worsened total bilirubin, serum creatinine, and model 
for end-stage liver disease (MELD) score at the end of follow-up. Moreover, 
another patient developed radiocontrast nephropathy after the procedure and pro-
gressed to type 1 hepatorenal syndrome, dying of liver failure a few days later. 
We might conclude that the infusion of CD34+ stem cells through the hepatic 
artery is not safe in decompensated cirrhosis. HSCs are also reported to be a new 
therapeutic option to approach drug-induced hepatitis. A case of acute liver failure 
related to chronic alcoholic abuse and acute drug-induced injury was also studied 
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(Gasbarrini et al. 2007). With CD34+ cell injection into the portal vein, the patient 
showed a rapid improvement of synthetic liver function, with particular reference 
to coagulation parameters.

In addition to these beneficial results, we need to focus on the vital issues con-
cerning the application of HSCs for liver diseases. The infusion route of HSCs is 
one of the important parts of research, and whether the route chosen is safe needs 
further study before its application. Moreover, the studies to date highlight not 
only the outcomes of therapy, but also the detailed methods and guarantees of 
safety in applying this treatment. Lastly, larger numbers of patients and more rand-
omized control trials are needed before the wide implementation of stem cells.

16.2.4  Bone Marrow-Derived Mesenchymal Stem Cells

MSCs, originating from many mesenchymal and connective tissues (Jiang et al. 
2002), possess plasticity and multidirectional differentiation potential. These 
cells also play a role of immunomodulation, due to their interaction with a vari-
ety of immune cells (Uccelli et al. 2008). Friedenstein et al. (1966) were the first 
to report culture methods for isolating BM-MSCs and testing their differentiation 
potential. These cells develop from “bone marrow fibroblasts,” “bone marrow stro-
mal cells” to “MSCs” or “skeletal stem cells.” This group of cells can be harvested 
from many tissues, including BM, periosteum, trabecular bone, adipose tissue, and 
skeletal muscle (Barry and Murphy 2004). The MSCs have the self-renewal abil-
ity and can differentiate into multiple cells types, such as osteoblasts (Liu et al. 
2013), chondrocytes (Hwang et al. 2011), hepatic cells (Pulavendran et al. 2010), 
and neuronlike cells (Tondreau et al. 2008). As there is no specific characteristic 
of MSCs, they are defined using a combination of phenotypic markers and func-
tional properties (Kharaziha et al. 2009). Most studies report these cells to be posi-
tive for CD13, CD29, CD44, CD54, CD55, CD73, CD90, CD105, and CD166 by 
flow cytometry (Gotherstrom et al. 2004; Kemp et al. 2005; Le Blanc and Ringden 
2005).

The ability of MSCs to differentiate into hepatocytes provides a novel method 
for liver diseases. Indeed, animal studies have revealed the benefits of bone mar-
row MSCs for the treatment of liver failure (Vaegler et al. 2014) and have shown 
that BM-MSC infusion can alleviate liver cirrhosis (Abdel Aziz et al. 2007). In 
addition, BM-MSC transplantation was found to regulate the systemic immune 
response and enhance recovery in liver inflammation of PBC mice (Wang et al. 
2011).

Thus far, the clinical application of bone marrow MSCs has made great pro-
gress in such treatment, which indicates a bright future for the treatment of liver 
disease. Peng et al. (2011) studied 527 patients with liver failure caused by hepa-
titis B receiving the same medical treatment, and among them, 53 patients also 
underwent a single transplantation with autologous MMSCs. Their results dem-
onstrated that autologous BMMSC transplantation is safe for liver failure patients 
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caused by chronic hepatitis B, and the short-term efficacy to alleviate liver injury 
was favorable. Although long-term outcomes were not markedly improved, this 
method is preferable for patients with liver cirrhosis and may have potential for 
reducing their incidence of HCC and mortality. In another study, autologous 
MSCs obtained from the iliac crest were proliferated and injected into a peripheral 
vein or the portal vein of eight patients with end-stage liver disease (Kharaziha 
et al. 2009). After injection, the data showed that MSC injection can be used for 
the treatment of end-stage liver disease with satisfactory tolerability. In addition, 
four patients with decompensated liver cirrhosis were enrolled for MSC transplan-
tation to determine its safety and feasibility (Mohamadnejad et al. 2007). In this 
phase 1 trial, there were no side effects in the patients during follow-up, and their 
model for end-stage liver disease scores (MELDs) and quality of life improved 
after the treatment. Finally, a pilot study was carried out to determine the clinical 
outcomes of five patients with liver failure of various causes. The patients received 
autologous CD34-depleted bone marrow-derived mononuclear cell (BM-MNC) 
transplantation, including mesenchymal stromal cells, through the hepatic artery 
(Park et al. 2013). Serum albumin levels, liver stiffness, liver volume, subjective 
healthiness, and quality of life improved in the study patients, which may suggest 
a promising future for autologous CD34-depleted BM-MNC transplantation as 
a bridge to liver transplantation in patients with liver failure, despite this being a 
small population.

The results of MSC therapy are inspiring, but there are still some limitations 
or problems that need to be resolved. First, the prolonged period of cell culture 
and preparation (approximately a few months) may result in the loss of critically 
ill patients before treatment can be initiated. Second, it is necessary to trace and 
localize the cells in order to further illustrate the therapeutic potential. Third, 
some studies on the treatment of chronic liver disease with MMSC transplanta-
tion have shortcomings, such as a small sample size, lack of controls, and the 
absence of evaluation on the long-term efficacy, prognosis, and safety (Levicar 
et al. 2008; Khan et al. 2008). Finally, the route of MMSC administration, the 
number of cells used for transplantation, and the homing ability that may affect 
the efficacy of transplantation should also be confirmed (Shim et al. 2010; 
Hashemi et al. 2008).

16.2.5  Umbilical Cord-Derived Mesenchymal Stem Cells

Although most of MSCs are derived from adult BM, the supply is limited and the 
cell numbers decrease with age. Umbilical cord mesenchymal stem cells are of 
particular interest because of their easy accessibility as an abundant resource from 
discarded umbilical cord (UC). Additionally, BM-MSCs may suffer from prolif-
erative deficiency (Zhong et al. 2010), which also promotes the use of UC-MSCs. 
The UC was collected from a healthy full-term fetus with the consent of the par-
ents, and we obtained single cells from the cord using a mechanic method and 
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enzyme digestion; these adherent cells were then cultured on a coverslip in a 5 % 
CO2 incubator at 37 °C (Cui et al. 2012).

Similar to the MSCs from BM, UC-MSCs exhibit a great potential to 
improve the liver function of rats with liver cirrhosis (Tsai et al. 2009). Our 
group elucidated specific microRNAs (miRNAs) that convert UC-MSCs into 
hepatocyte-like cells. We transplanted UC-MSCs and induced hepatocytes 
(iHep) into nude mice with CCL4-induced liver injury and found that both of 
the cells can alleviate liver injury and improve liver function to some extent 
(Cui et al. 2012, 2013).

In another clinical research study, 45 chronic hepatitis B patients with decom-
pensated liver cirrhosis, including 30 patients receiving UC-MSC transfusion 
through the peripheral vein at a concentration of 0.5 × 106/kg body weight and 
15 patients receiving saline as the control, were recruited (Zhang et al. 2012). 
Clinical parameters during a 1-year follow-up period were detected to obtain 
information over time. The results showed a significant reduction in the vol-
ume of ascites and improved liver function in the patients treated with UC-MSC 
transfusion compared with the controls. Recently, the application of UC-MSCs 
achieved great improvement in patients suffering from severe autoimmune dis-
eases, including systemic lupus erythematosus (SLE) (Sun et al. 2010), immune 
thrombocytopenia patients (Ma et al. 2012), and therapy-resistant rheumatoid 
arthritis (Liu et al. 2010), without any side effects. A single-arm survey that con-
sisted of seven PBC patients who had an incomplete response to UDCA showed 
exciting results for autoimmune liver diseases therapy (Wang et al. 2013). 
UDCA is the only approved drug for the treatment of PBC which is a progres-
sive autoimmune liver disease causing cholestasis, cirrhosis, liver failure, and 
even hepatocellular carcinoma. The patients received UC-MSCs three times at 
4-week intervals and regular UDCA as well. During the follow-up period, the 
symptoms of fatigue were largely alleviated, and some of the patients underwent 
remission of pruritus. These results not only indicate a safe and feasible way to 
transfuse the cells, but also demonstrate the improvement of liver function and 
quality of life in these patients. Moreover, a study enrolling 43 acute-on-chronic 
liver failure (ACLF) patients for clinical research of UC-MSCs transfusion (Shi 
et al. 2012) showed significantly increased survival rates in ACLF patients; 
reduced MELDs; increased serum albumin, cholinesterase, and prothrombin 
activity; and increased platelet counts, indicating a novel therapeutic method for 
patients with ACLF.

No significant side effects and complications were observed in the above 
researches. However, several limitations were present in these studies. First, they 
did not prove that the exciting results are definitely associated with the infusion 
of UC-MSCs in these small study populations. Second, UC-MSCs combined with 
other treatment may prompt a concern that this treatment affects the function of 
stem cells. It is possible that more detailed follow-up times are necessary; none-
theless, the transplanted cells still need to be traced, and their numbers and opti-
mal routines need to be optimized.



400 X. Zhou et al.

16.2.6  Umbilical Cord Blood-Derived Stem Cells

Stem cells, especially MSCs derived from umbilical cord blood (UCB), are 
reported to be a fascinating source for cell therapy. UCB-MSCs have the advan-
tage of easy accessibility, low chance of viral contamination, painless procedures 
for donors, and less immune response (Kim et al. 2008). A human UCB sample 
was collected from donors after informed consent, and then, mononuclear cells, 
which contained MSCs, were harvested by negative separation with Ficoll-
Hypaque. The UCB-derived cells are positive for mesenchymal progenitor/stem 
cell-related surface makers CD271, CD29, CD90, CD105, and CD73 and negative 
for CD31, CD79b, CD133, CD34, and CD45, indicating that these cells do not 
have a hematopoietic origin (Yu et al. 2012). However, CD34+ cells are present in 
UCB and may exceed those in BM or peripheral blood. These CD34+ cells can be 
isolated by magnetic cell sorting from UCB (Zhang et al. 2011). Stem cells from 
UCB tend to be more immature and with a lower immunogenicity in comparison 
with BMSCs.

In various animal studies, UCB-MSCs can reportedly treat intracranial glioma 
(Kim et al. 2008), spinal cord injury (Lim et al. 2007), lung injury (Kim et al. 
2011), and bone disease (An et al. 2013). UCB-MSCs have also been reported 
to attenuate myocardial infarction (Kang et al. 2014), protect against cerebral 
ischemia (Zhu et al. 2014), and promote cutaneous wound healing (Joyce et al. 
2012). A recent study showed that human HGF-overexpressing human umbilical 
cord blood-derived MSCs (hHGF-hUCB-MSCs) exerted a stimulatory effect on 
hepatocyte proliferation in vitro. When transplanted into a rat model with CCL4-
induced liver fibrosis, these cells exhibited surprising results by biochemical and 
histological analyses compared with the control group without hHGF-hUCB-
MSCs. The injected hUCB-MSCs were able to migrate to the injured liver and 
differentiate into hepatocyte-like cells, with the improvement of liver structure 
improved in experimental mice (Yu et al. 2012). Based on these studies, hUCB-
MSCs could become suitable as seed cells in cellular therapy for acute liver 
injury. Work has been performed using hepatocyte-like cells from CD34+ UCB 
stem cells in microcapsules in acute hepatic failure (AHF) rats to avoid possi-
ble immune rejection after transplantation (Zhang et al. 2011). Although the low 
immunogenicity of UCB cells makes them appropriate for heterogenic transplan-
tation, it is still risky to use untreated cells.

Despite the inspiring results of animal studies, few clinical trials have been 
reported. Because confirmatory evidence in humans is currently lacking, there is 
a long way to go before hUCB-MSCs will be utilized clinically to benefit patients 
with liver diseases.

In conclusion, most of the studies to date have demonstrated exciting results of 
stem cell therapy for liver diseases. The transplantation of different types of stem 
cells could improve liver function, reduce the occurrence of complications, and 
prolong patient survival time. The related clinical studies are shown in Table 16.1.
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16.3  Molecular Mechanism of Stem Cell Therapy

The ideal therapy for end-stage liver disease is liver transplantation. However, the scar-
city of donor organs, expensive medical costs, and unpredictable complications restrict 
this option. Cellular therapy, especially stem cell therapy, is a new and promising field 
of medicine with increasingly emerging evidence for its use to treat allogeneic liver 
disease due to their special characteristics, including self-renewal, potential of dif-
ferentiation and paracrine function, and interactions with immune cells. In previous 
studies, stem cells have been injected directly into the body or transplanted to induce 
hepatocyte-like cells. However, the fate of stem cells and induced cells once they reach 
the liver and the mechanisms remain uncertain. Several theories associated with cel-
lular therapy have garnered considerable support in recent years, including cell fusion 
with resident hepatocytes, transdifferentiation of stem cells, and immunomodulation in 
the microenvironment of liver tissue. In the following section, we attempt to depict the 
underlying mechanisms of stem cell therapy in detail (Fig. 16.1).

Fig. 16.1  The possible mechanisms of stem cells in liver injury therapy.① Stem cells are transdif-
ferentiated into hepatocyte-like cells in vitro and then injected into the body. ② When stem cells 
are transplanted, they will migrate to the injured liver based on their chemokine receptors. ③ In 
the in vivo liver microenvironment, stem cells differentiate into hepatocyte-like cells to support 
liver function. ④ Stem cells fuse with the resident hepatocytes to generate new cells with hepatic 
function to repair damage. ⑤ Stem cells have a powerful immunomodulatory role when migrating 
to the liver: They promote the change of KCs from an M1 to an M2 phenotype; the activation of 
hepatic stellate cells is suppressed by stem cells which is helpful to reduce liver fibrosis; stem cells 
may result in a benefit to liver injury through downregulating IL-17, which is a pro-inflammatory 
factor mainly produced by Th17 cells; stem cells can also remodel the ECM via the regulation of 
matrix metalloproteinases. Abbreviations KCs, Kupffer cells; ECM, extracellular matrix
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16.3.1  Fusion

Cell fusion is a natural process from the very beginning of life, i.e., a sperma-
tozoid fusing with an ovum. Decades ago, cell fusion was reported to be linked 
with stem cells, which possess the ability of plasticity and can differentiate 
into different cells. Recently, the conversion of stem cells into hepatic cells has 
been reported in vivo and in vitro. Cell fusion is regarded as a possible mecha-
nism related to this fate conversion with evidence from reported experiments. In 
a model of tyrosinemia-induced liver failure, mice with mutations in the fumary-
lacetoacetate hydrolase gene (Fah−/−) regained their normal liver function due to 
the transplantation of Fah+/+BM cells and form regenerating liver nodules with 
normal histology that express Fah. Moreover, the hepatic nodules contained both 
mutant and wild-type Fah alleles and expressed both donor and host genes, con-
sistent with polyploidy genome formation by the fusion of host and donor cells 
(Vassilopoulos et al. 2003). Simultaneously, Wang et al. performed serial trans-
plantation of bone marrow-derived hepatocytes in liver and used Southern blot 
analysis, showing that the repopulating cells were heterozygous for alleles unique 
to the donor cells. Moreover, cytogenetic analysis demonstrated that hepatocytes 
transplanted from female mice into male recipients were (80, XXXY) and (120, 
XXXXYY) hepatocyte karyotypes, indicating fusion between donor and host 
cells (Wang et al. 2003). Based on the low level of transdifferentiation in some 
animal models, cellular fusion may be a mechanism of transdifferentiation, which 
need further understanding and observation with regard to regeneration (Castro 
et al. 2002; Wagers et al. 2002). In another study, the transplantation of a single 
hematopoietic cell could be progenitor of both blood and functional hepatocytes. 
By using a Cre/lox DNA recombination-based strategy, the author showed that 
mature myeloid cells spontaneously fused with host hepatocytes, which indicated 
that the localized administration of fusogenic cells such as myeloid cells could 
be a novel strategy for cellular therapy of multiple tissues (Camargo et al. 2004). 
Myelomonocytic cells such as macrophages can produce functional epithelial cells 
through in vivo fusion, providing potential for cell therapy aimed at organ regen-
eration (Willenbring et al. 2004). In addition, umbilical cord stem cells have been 
tested for their ability to generate hepatocytes by cell fusion. However, it should 
be kept in mind that under different circumstances, stem cells are able to produce 
hepatocytes without the participation of cell fusion, indicating that the environ-
ment is important for the biological role of cell fusion.

Although these findings appear to favor cell fusion as the main mechanism of 
stem cell therapy in liver diseases, as opposed to transdifferentiation, scientists 
may doubt the applicability of the above animal models, such as the tyrosinemia 
mouse model. A number of cytogenetic abnormalities, including aberrant kary-
okinesis and multinucleation, have been reported in a Fah deficiency model and 
humans with tyrosinemia (Wilson et al. 1994; Jorquera and Tanguay 2001). Based 
on such reports, cell fusion, which could not occur under selective pressure, was 
brought into question. Thus, further studies with inherently stable animal models 
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may be better for exploring the role of cell fusion in the repair of liver injury and 
hepatic regeneration after the injection of stem cells.

In conclusion, cell fusion to date has been well documented and is largely 
accepted. Most animal experiments show inspiring evidence for the role of cell 
fusion in liver repair: Fusion-derived hepatocytes tend to proliferate and even gen-
erate daughter cells with one half of the chromosomal content, which can be con-
firmed by maker segregation using ss-galactosidase and the Y-chromosome (Duncan 
et al. 2009). However, with new emerging theories, additional supportive studies and 
evidence are required to recognize the status of cell fusion in stem cell therapy.

16.3.2  Transdifferentiation

Transdifferentiation may be the simplest, most direct, and common mechanism of the 
use of stem cells for liver diseases. Such stem cells tend to generate hepatocyte-like 
cells with a normal function for damaged tissue to support regular metabolism. Their 
capacity lies in their plasticity, which refers to the ability of stem cells to produce new 
type of cells from different lineages (Wagers and Weissman 2004). The conversion 
of stem cells into hepatic cells has been observed both in vitro and in vivo. Initially, 
cell fusion was considered as a mechanism responsible for this conversion. However, 
this was observed that hepatocytes could convert from human cord blood cells when 
infused into NOD-SCID mice in the absence of fusion (Newsome et al. 2003).

Evidence from a number of transdifferentiation studies shows that other types 
of MSCs are capable to convert into hepatic cells in vitro or in vivo. Lagasse first 
reported liver differentiation from HSCs in vivo (Lagasse et al. 2000). Human 
bone marrow mesenchymal stem cells transplanted into the rat liver differentiated 
into hepatocytes with better outcomes compared with the MSC population (Sato 
et al. 2005). Stem cells obtained from UCB also have the capability to differen-
tiate into hepatocyte-like cells and alleviate liver injury (Moon et al. 2009). Our 
group proved the differentiation potential of PBMCs derived from patients with 
HBV-related decompensated liver cirrhosis into hepatocyte-like cells. These excit-
ing results indicate a bright future for these patients through autologous cell trans-
plantation (Yan et al. 2007).

The transdifferentiation of hepatocytes from non-hepatic tissues, such as BM, 
peripheral blood, UC and other sources, has been widely studied, and different 
protocols of hepatic induction have been mentioned. The most frequently used 
medium to induce this transdifferentiation is basic medium containing epidermal 
growth factor (EGF), bFGF, HGF, nicotinamide, oncostatin M, dexamethasone, 
and ITS premix, which has an essential role in a novel two-step development pro-
cess (Lee et al. 2004). Mouse embryonic and adult fibroblasts can convert into 
hepatocyte-like cells via the expression of a combination of transcription factors 
Hnf4alpha, Foxa1, Foxa2, or Foxa3; the induced cells possess some hepatocyte-
specific characteristics and alleviated liver damage after transplantation (Sekiya 
and Suzuki 2011). In addition to transcription factors, HGF is a critical factor for 
induction. It has been demonstrated that HGF alone could induce characteristics 
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of hepatocytes, including CK19, albumin, and alpha-fetoprotein (AFP) expres-
sion (Snykers et al. 2009). In our study, we directly converted human umbilical 
cord-derived MSCs into hepatocyte-like cells in vitro with a combination of seven 
microRNAs (mir-122, mor-1290, mir-148a, mir-424, mir-542-5p, mir-1246, and 
mir-30a) that are overexpressed during differentiation. In the nude mice model 
of CCL4-induced liver injury, the hepatocyte-like cells induced with these seven 
microRNAs resulted in a better improvement in liver function compared with the 
injection of MSCs (Cui et al. 2013). Therefore, stem cells transdifferentiate into 
hepatocytes in vitro and in vivo, acquiring the liver function needed during the 
process, which is the key to liver diseases therapy.

16.3.3  Immunomodulation

Some studies hold the belief that stem cell plasticity and differentiation into new 
hepatic cells represent the dominant mechanism for stem cell therapy, whereas 
many groups insist that stem cell fusion with local hepatocytes to produce new 
cells plays an important role in liver repair. However, the number of hepatocytes 
generated was low in some studies and cirrhosis is a hostile environment for the 
hepatic induction of stem cells. Therefore, it is possible that the supportive and 
regulative role of stem cells results in the beneficial effect on liver diseases.

The liver is a unique organ containing an abundance of immune cells, which 
contributes to oral tolerance, acceptance of allografts, and hepatic viral per-
sistence. Kupffer cells (KCs), which are closely related to liver injury and liver 
repair, are special macrophages that resident in the liver and compose approx-
imately 35 % of the total non-parenchymal cells. These cells are classified into 
two groups according to the function and phenotypes: pro-inflammatory M1 
macrophage associated with the release of pro-inflammatory cytokines and anti-
inflammatory M2 macrophages involved in tissue remodeling and the secretion of 
immunomodulatory mediators. These two types of cells perform diverse functions 
during the progression of liver disease. It has been reported that human MSCs 
have the ability to switch stimulated macrophages from an M1 phenotype to an 
M2 phenotype (Dayan et al. 2011). Lymphocytes, which mainly consist of T cells, 
B cells, and NK cells, participate in immune responses. In our studies, we found 
that serum IL-17, mainly produced from Th17 cells, in HBV-related decompen-
sated cirrhotic patients was significantly higher than in healthy controls. However, 
after the transplantation of autologous stem cells, the level of IL-17 was markedly 
decreased. Furthermore, exogenous IL-17 can worse the liver function of CCL4-
injured mice, whereas an antibody against IL-17 promotes the improvement of 
liver function, indicating that BMSC transplantation exerts a beneficial action on 
liver diseases, at least partly, by down-regulating IL-17 (Zheng et al. 2013).

Stem cells, especially MSCs, display a low immunogenicity phenotype, with 
the low expression of HLA-1 molecules and a lack of HLA-DR. These cells are 
also negative for costimulatory factors CD40, CD80, and CD86, allowing MSCs 
to possess an immune tolerance quality (Cui et al. 2014). Moreover, stem cells 
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show a great immunosuppressive ability to suppress the proliferation and matura-
tion of immune cells when treating allogeneic liver disease. Recent studies regard 
stem cells as candidates for cell therapy because of their paracrine effects. Stem 
cells can migrate to injured liver due to their chemokine receptors, such as CCR4, 
CCR7, and CCR10. The proliferative or anti-apoptotic cytokines released by stem 
cells tend to improve the proliferation of hepatocytes. With the influence of growth 
factors, stem cells enhance liver regeneration and promote repair in a hepatic 
failure model and in liver injury (Li et al. 2013). The imbalance of extracellular 
matrix (ECM) synthesis and degradation related to hepatic stellate cells could 
result in liver cirrhosis. Stem cell infusion suppresses the activation of hepatic stel-
late cells, key factors for the progression of liver cirrhosis, through the regulation 
of chemokines TGF-α and TGF-β (Tanimoto et al. 2013). Thus, the transplanta-
tion of stem cells modulates the type of KCs expressing matrix metalloprotein-
ases, which facilitate the relief of liver injury and fibrosis (Fallowfield et al. 2007; 
Pellicoro et al. 2012). In autoimmune liver disease, such as primary biliary cirrho-
sis (PBC), the infusion of MSCs can notably alleviate symptoms in most patients 
who do not have a good response to traditional treatment (Wang et al. 2013). 
Furthermore, the changes in serum TGF-β1 and IFN-γ was observed after injec-
tion of stem cells in the PBC mouse model, indicative of MSC regulation of liver 
inflammation (Snykers et al. 2009).

16.4  Conclusion

Liver dysfunction caused by diseases, particularly end-stage liver cirrhosis, has 
posed a great challenge for therapy. Although the organ transplantation is regarded 
as the most effective method, it is difficult to apply transplantation to clinical treat-
ment because of the rare source of donor organs, the expensive costs, and the possi-
ble immune rejection after surgery. Recently, regenerative medicine, especially stem 
cells, has shown promising results in liver disease both in preclinical and clinical 
studies, which could be a realistic aim for improving the function and promoting 
liver repair. Different types of MSCs, including BM stem cells, peripheral blood 
stem cells, HSCs, and MSCs from various sources, can both fuse with resident 
hepatocytes to generate new cells and also transdifferentiate or immunomodulate 
within the liver microenvironment during therapy. Indeed, studies have demonstrated 
that this therapeutic method can significantly support regeneration and prolong the 
survival times of patients via the injection of stem cells through the portal vein or 
hepatic artery. In addition, there have been no obvious adverse effects or complica-
tions reported that are directly related to the treatment of stem cells in clinical trials.

Despite these exciting results, the dominant mechanism by which stem cells 
treat liver diseases remains unclear. Thus, the best way to apply this method is 
uncertain, even based on the above studies. To maximize the use of stem cells, 
it is necessary to know the routine of injection, the cell number for therapy, the 
safety and efficiency of stem cells, and how to address the possible complica-
tions. Moreover, different types of stem cells display different features, while 
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different liver diseases result from different factors. In this respect, elucidation of 
the special advantage of stem cell therapy in particular diseases may afford future 
application.
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Abstract Cartilaginous defects within the articular cartilage present a treatment 
problem within the orthopaedic community. In cases of established osteoarthri-
tis affecting large joints, arthroplasty is a good, well-established and predictable 
option. It is though a step too far for smaller and discrete lesions. Currently, sur-
gical options include autologous chondrocyte implantation, microfracture, osteo-
chondral autologous transplantation and even osteochondral allograft plugs. Tissue 
engineering techniques may prove to be the answer to this problem. There is 
plenty of interest in stem cell manipulation to induce chondrogenesis. The areas 
of research focus on the differentiation of multipotent mesenchymal stem cells but 
also more recently on the use of induced pluripotent stem cells. Furthermore, aug-
mentation of repair can be facilitated by endogenous stimulants to these cells such 
as growth factors, gene therapy and scaffolds to maintain an optimum microen-
vironment. Endogenous stimulants aside, it does appear that exogenous methods 
of stimulation such as ultrasound and magnetic field applications can further aug-
ment and improve the reparative process. The aim of this chapter is to define the 
problem faced by the medical world due to the macro- and microscopic structure 
of cartilage and present data and reports showing the advances made in this field. 
The final section focuses on the current state of play surrounding the translation of 
these techniques to human subjects, presenting the up-to-date studies.
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17.1  Introduction

The orthopaedic community is commonly faced with problems related to  cartilage 
defects. Osteoarthritis is a very common condition characterised by loss of  
 articular cartilage within a joint. This leads to an alteration in joint loading and 
subsequent mechanics than can cause an array of symptoms from swelling and 
stiffness to crippling pain with associated significant restriction in movement and 
limitation of activities of daily living. Currently, there is no convincing method to 
reverse the articular cartilage loss. Treatment options are restricted to management 
of the symptoms, either with pain relieving intra-articular injections, analgesia and 
physiotherapy. In terms of surgical options, for large joints such as the hip and 
knee, replacement of the worn out and degenerate joint in the form of an arthro-
plasty procedure is an excellent option with a proven and ever growing track record. 
In the middle aged or elderly patient, with established cartilage loss, this is well 
established. For certain joints, such as the ankle joint (tibiotalar joint), the role of 
arthroplasty is still pending firm establishment and recognition. For smaller joints, 
such as the metatarsal phalangeal joints in the forefoot, arthroplasty is currently 
not as successful as the equivalent procedures in the hip and knee. In such cases, 
surgical option usually involves fusion of the joint to stop the motion within the  
arthritic joint and thus relieve pain.

A more significant and difficult problem to overcome is that of the younger 
patient presenting with a focal and discrete area of cartilage loss or even the 
same scenario in an older patient with an otherwise non-degenerate joint. In focal 
defects, the structural integrity of the articular cartilage is disrupted in circum-
scribed areas, for example, as a consequence of direct trauma, osteonecrosis or 
osteochondritis dissecans. The resulting articular cartilage defect is of a limited 
two-dimensional extent and characterised as being either chondral, involving only 
the cartilaginous zones, or osteochondral, reaching further into the subchondral 
bone (Orth et al. 2013). In such cases, arthroplasty is probably too morbid a proce-
dure to consider. The ideal option would be one that would allow regeneration of 
the lost tissue structures within the defect, with tissue that is identical to that lost, 
in other words making it a perfect match. Herewith lies the challenge. The holy 
grail in the treatment of cartilage loss remains the establishment of methods to 
repair or regenerate damaged, and frail cartilage. Furthermore, it would be desira-
ble for such techniques to as cost-effective, non-invasive, non-intrusive and as safe 
as possible. The recent advances in tissue engineering strategies offer a promising 
and potential method of treating such conditions and meeting the desired criteria.

17.2  What Is the Function of Articular Cartilage?

Articular cartilage is a highly specialised connective tissue that covers most 
human joints. It has a multifactorial role to aid movement of the joint. Articular 
cartilage is integral to the tribological properties of joints. It has a smooth, well- 
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lubricated surface that helps to reduce the coefficient of friction. Its complex 
 structure aids the transmission of forces across the joint and spreads the forces 
over a greater area in order to reduce the pressure across the joint during loading. 
As a material, it must resist the shear, tensile and compressive forces that occur 
during the joint surfaces articulation. Injury to cartilage has a well-established link 
to musculoskeletal pathology and patient morbidity. Whereas osteoarthritis is far 
more common in the older and elderly population, discrete cartilaginous defects 
tend to occur in younger, more active patients with an otherwise well-preserved 
articular surface. Cartilage lesions are common in sporting activities, with some 
studies showing up to 49 % of injuries associated with athletic activity (Aroen 
et al. 2004).

17.3  What Is Cartilage and Why Is It so Difficult  
to Repair?

Cartilage is an avascular and aneural structure, which is also devoid of lym-
phatic supply. As such, the material’s own internal capacity to heal and repair is 
limited (Khan et al. 2009). Current treatment options for cartilage regeneration 
include osteochondral autologous transplantation (OATs), autologous chondrocyte 
implantation (ACI), microfracture and synthetic allograft osteochondral plugging 
of defects (Sanghvi et al. 2014). However, a recent meta-analysis of several lead-
ing databases showed that although the clinical outcomes described in the studies 
available appeared to be promising, the lack of large high-level evidence studies or 
comparable outcome measures between studies failed to show a significant advan-
tage or disadvantage of this technique compared to other techniques such as osteo-
chondral transplantation or microfracture (Niemeyer et al. 2012). More recently, 
tissue engineering techniques using stem cells have been a focal area of research. 
Numerous in vivo animal studies show the potential benefits of using stem cells 
to treat musculoskeletal diseases. However, given the complexity of the  treatment 
and the potential ethical and economic considerations, only a few have been 
 translated into human clinical studies (Aroen et al. 2004).

17.4  The Structure of Normal Cartilage

Articular cartilage is composed of a dense extracellular matrix (ECM), throughout 
which highly specialised cartilage-forming cells called chondrocytes are distrib-
uted. This ECM is primarily composed of water, collagen and proteoglycans, with 
other non-collagenous proteins and glycoproteins present in smaller  quantities. 
The main role of these proteins within the ECM is to help maintain the water 
 content and thus retain the mechanical properties required.
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Articular cartilage is compromised of several distinct zones; the superficial 
tangential zone (STZ), the middle zone, the deep zone and the calcified zone 
(Fig. 17.1). Each zone has a further three regions; the pericellular region, the ter-
ritorial region and the interterritorial region.

The thin STZ protects the deeper layers from shear stress forces and makes up 
approximately 10–20 % of articular cartilage thickness. The collagen fibres of this 
zone are type II and IX. They are packed tightly and aligned parallel to the artic-
ular surface, hence protecting the cartilage from shear forces. It has a protective 
function to the deeper layers and is in contact with synovial fluid and thus respon-
sible for most of the tensile properties of cartilage.

The middle (transitional) zone lies deep to the STZ. It is the thickest layer 
within the cartilage structure (40–60 % of the total volume) and provides an ana-
tomic and functional bridge between the superficial and deep zones. It contains 
proteoglycans and thick collagen fibrils. In this layer, the collagen is organised 
obliquely, and the chondrocytes are spherical and at low density. As such, it func-
tionally resists compressive forces.

The deep zone compromises around 30–40 % of the total cartilage volume. 
The collagen fibrils tend to be arranged perpendicular to the articular surface, and 
thus, it is responsible for providing the greatest resistance to compressive forces. 
The deep zone contains the highest proteoglycan content but the lowest water 
concentration.

The tide mark distinguishes the deep zone from the calcified cartilage. The cal-
cified layer plays an anchor role, by securing the cartilage to underlying cancel-
lous bone.

17.5  Subregions

The pericellular matrix is a thin layer adjacent to the cell membrane, and it 
 completely surrounds the chondrocyte. It is thought that this matrix plays 
a  significant role in the deformation behaviour of chondrocytes, possibly 

Fig. 17.1  Description of distinct zones in articular cartilage
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modulating cartilage development, adaptation and degeneration (Julkunen et al. 
2009). The territorial matrix surrounds the pericellular matrix. This region 
is thicker than the pericellular matrix. The interterritorial region is the larg-
est of the 3 matrix regions; it contributes most to the biomechanical properties 
of articular cartilage. It has a random arrangement and orientation of collagen 
fibrils, arranged parallel to the surface of the superficial zone, obliquely in the 
middle zone, and perpendicular to the joint surface in the deep zone (Greco 
et al. 1992).

17.6  Chondrocytes

The chondrocyte is the ‘building’ cell type in articular cartilage. Chondrocytes 
are specialised and metabolically active cells that help maintain, develop and 
repair the ECM. Chondrocytes originate from mesenchymal stem cells and con-
stitute about 2 % of the total volume of articular cartilage. Within each of the 
anatomic regions of cartilage, the chondrocytes vary in shape, number and size. 
Within the STZ, the chondrocytes are flatter and smaller, with a greater density 
than that of the cells deeper in the matrix. Within each region of cartilage, the 
chondrocyte becomes trapped in the ECM and tends not to migrate to other areas 
(Alford and Cole 2005). Unfortunately, chondrocytes have a limited capacity of 
healing once injured. However, they respond to a variety of stimuli, including 
growth factors, mechanical loads, piezoelectric forces and hydrostatic pressures 
and for this very reason can be influenced during tissue engineering strategies 
(Buckwalter and Mankin 1998). This will be discussed in much more detail in 
later sections.

17.7  The Extracellular Matrix (ECM)

The ECM is a multicellular structure that provides structural and biochemical sup-
port to the surrounding cells. The ECM in cartilage is composed primarily of the 
network type II collagen and an interlocking mesh of fibrous proteins and proteo-
glycans (PGs), hyaluronic acid (HA) and chondroitin sulphate (CS). Cartilaginous 
ECM is remodelled continuously by a combination of production, degradation 
by matrix metalloproteinases (MMPs) and inhibition of MMPs activity by tissue 
inhibitors of MMPs. These fibres contain elastin and collagen. Collagen is the 
most abundant structural macromolecule in ECM, and it makes up about 60 % of 
the dry weight of cartilage. Type II collagen represents 90–95 % of the collagen 
in ECM and forms fibrils and fibres intertwined with proteoglycan aggregates. 
Collagen types I, IV, V, VI, IX and XI are also present but contribute only a minor 
proportion. The minor collagens help to form and stabilise the type II collagen 
fibril network (Plopper 2007).
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17.8  Proteoglycans (PG)

Proteoglycans (PG) are heavily glycosylated protein monomers. In articular carti-
lage, they represent the second largest group of macromolecules in the ECM and 
account for 10–15 % of the total weight. Proteoglycans consist of a protein core 
with one or more linear glycosaminoglycan chains covalently attached. Articular 
cartilage contains a variety of proteoglycans that are essential for normal function, 
including aggrecan, decorin, biglycan and fibromodulin. The largest in size and 
the most abundant by weight is aggrecan, a proteoglycan that possesses more than 
100 chondroitin sulphate and keratin sulphate chains (Fox et al. 2009). Aggrecan 
is characterised by its ability to interact with hyaluronan (HA) to form large 
 proteoglycan aggregates via link proteins (Buckwalter and Mankin 1998).

17.9  The Goals of Tissue Engineering Techniques

As seen from the sections above, articular cartilage is a very complex structure 
comprised of numerous different cell types, packed and orientated in a predeter-
mined and important manner. As a result, restoration of articular cartilage struc-
ture and hence function following pathological or traumatic damage is still 
 considered a challenging problem in the orthopaedic and musculoskeletal com-
munity. Currently, tissue engineering-based reconstruction of articular cartilage is 
a feasible and continuously developing strategy to restore structure and function. 
Stem cells possess self-renewal capacity and exhibit long-term viability and mul-
tilineage differentiation potential. Ethical, political and religious issues surround 
the use of embryonic stem cells which are pluripotent in nature. In contrast, the 
use of autologous adult mesenchymal stem cells (MSCs), which are multipotent 
in nature, is generally well accepted. The exact definition of what a MSCs actually 
is has been somewhat debated. However, the Mesenchymal and Tissue Stem Cell 
Committee of the International Society for Cellular Therapy defined a minimal set 
of standard criteria for uniform characterisation of MSCs. They must be plastic-
adherent cells when maintained in standard culture conditions and must express 
CD105, CD73 and CD90. In addition, they must lack surface expression of 
CD45, CD34, CD14 (CD11b), CD79α (CD19) and HLA-DR. Finally, and impor-
tantly, they must be capable of differentiating to cells of the mesodermal lineage 
( chondrocytes, osteoblasts, adipocytes) (Dominici et al. 2006).

Stem cells have been identified in a number of adult tissues, albeit in small 
and variable numbers. MSCs display some advantages compared with other dif-
ferentiated cells that make them attractive targets for manipulation in the goal 
of not only cartilage regeneration but also bone regeneration. They can be easily 
isolated in a non-invasive and abundant manner from various tissues. In addition 
to bone marrow, MSCs have been identified in other tissues including bone, adi-
pose tissue, muscle, synovium, periosteum and perichondrium, all of which can 
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be generally isolated and subsequently expanded in culture (Malik and Khan 
2011). Furthermore, MSCs are less tumourigenic than their embryonic counter-
part (Raghunath et al. 2005) and provide an autologous source of cells eliminat-
ing concerns regarding rejection and disease transmission. There is also evidence 
to suggest that MSCs have immunosuppressive potential as co-culture with MSCs 
inhibits T-cell lymphocyte proliferation (Krampera et al. 2003).

The aim of this chapter is to discuss how tissue engineering treatments can be 
manipulated, augmented and induced to repair and regenerate articular cartilagi-
nous defects. We aim to present the reader with the practical problems with this 
type of research and how the community are trying to overcome them. This chap-
ter is divided into several sections, including the use of scaffolds, growth factors, 
gene therapy and exogenous methods of augmentation. The final section aims to 
show how these techniques are translated from the laboratory and into the human 
population.

17.10  Scaffolds

A key requirement for tissue engineering MSC therapy is the safe and  effective 
delivery of the cells to the defect site, in addition to maintaining the cells in the 
required area and in an appropriate microenvironment to allow the  reparative 
 process to occur. Direct intra-articular injection might be possible in early stages 
of the disease when the defect is restricted to the cartilage layer (a chondral 
defect), whereas a scaffold or matrix of some kind would be required to support 
the MCSs in cases where the subchondral bone is exposed over large areas (an 
osteochondral defect). It is critical to design and fabricate a suitable scaffold for 
use in specific tissue regeneration, as it directly comes into contact with cells and 
provides structural support and guidance for subsequent tissue development. The 
scaffolds provide an initial mechanical support and a three-dimensional niche 
for transplanted cells until the regenerated tissue can stabilise the initial structure 
(Khamdemhosseini et al. 2009).

The ideal scaffold should be biocompatible and biodegradable upon tissue heal-
ing, highly porous so as to permit cell penetration and tissue impregnation, suf-
ficiently permeable to allow nutrient delivery and gas exchange and adaptable to 
the mechanical environment. In addition, the scaffold should have a surface that 
is conducive to cell attachment and migration, and permits appropriate extracel-
lular matrix formation and the transmission of signalling molecules (Susmita et al. 
2012). A wide range of matrices to develop types of scaffolds have been investi-
gated to augment tissue engineering strategies. These can broadly be divided into 
natural or synthetic scaffolds. Natural scaffolds include substances such as carbo-
hydrate-based materials such as chitosan (Ye et al. 2014; García Cruz et al. 2012; 
Alves da Silva et al. 2011), hyaluronate (Son et al. 2013; Toh et al. 2012) or even 
protein-based structures such as collagen (Zhang et al. 2012, 2013a; Murphy et al. 
2012), fibrin (Diederichs et al. 2012; Park et al. 2011), gelatin (Klangjorhor 
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et al. 2012; Pruksakorn et al. 2009) and chondroitin (Chen et al. 2013; Park et al. 
2010; Varghese et al. 2008). Synthetic scaffolds successfully used include polyg-
lycolic acid, polylactic acid, poly(lactic-co-glycolic acid), polyethylene glycol and 
polycaprolactone (Hidalgo et al. 2013; Childs et al. 2013; Zhang et al. 2013b; Li 
et al. 2013).

Aside from being used in isolation with the MSCs, the application and culture 
of these scaffolds with other growth factors can further augment chondrogenesis, 
as discussed below.

17.11  Growth Factors

To help stimulate the formation of matrix and cartilage, research has focused on 
the use of growth factors to augment tissue engineering strategies. A growth fac-
tor tends to be a naturally occurring substance that is capable of stimulating cell 
growth, proliferation, healing and cellular differentiation. They typically tend to 
act as signal molecules between cells and thus direct cells down a certain  pathway. 
Several growth factors in particular have been found to stimulate ECM synthesis. 
The majority of work so far surrounding growth factor stimulation of stem cells 
appears to have been performed in vitro and in animal studies. This is under-
standable as these sources are more readily available and associated with less ethi-
cal considerations. As the benefits begin to be more obvious, their effect in human 
subjects will certainly begin to be evaluated.

Freed (2001) seeded bovine calf articular chondrocytes onto biodegradable 
polyglycolic acid scaffolds and cultured them for four weeks. Some of the cells 
were augmented with IGF-1. At four weeks, the resulting engineered tissue his-
tologically resembled cartilage and contained its major constituents: glycosamino-
glycans, collagen and cells. They noted that those cells supplemented with IGF-I 
the independently modulated tissue morphology, growth, biochemical composi-
tion, interacted additively and produced tissue superior to that obtained by modify-
ing these factors individually. In the same pattern of thought, Keelner et al. (2001) 
exposed bovine articular chondrocytes to insulin rather than IGF1. They found that 
the effects of insulin were similar to that of the IGF1 and thus posed an interesting 
proposal of employing insulin as a potent substance to improve tissue-engineered 
cartilage. These additive effects of IGF1 have been supported by a plethora of other 
researchers (Madry et al. 2013; Blunk et al. 2002; Rosa et al. 2014). Transforming 
growth factors, especially TGF β1 (Rosa et al. 2014; Morales 1991) and TGF β3 
(Almeida et al. 2014; Wang et al. 2014), and bone morphogenetic proteins (BMP), 
especially BMP-2 and BMP-7 (Park et al. 2005; Kaps et al. 2002; Carreira et al. 
2014), and fibroblast growth factor (FGF)-2 (Veilleux and Spector 2005) have all 
shown a qualitative effect on chondrogenesis. Another stimulant that has been stud-
ied is platelet-rich plasma (PRP). PRP is rich in growth factors including TGF-β, 
IGF, platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF) 
and vascular endothelial growth factor (VEGF) (Sun et al. 2010). As a result, 
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using adipose-derived MSCs, Mardani et al. (2013) showed has beneficial effects 
on MSCs differentiation to chondrocytes. In fact, there is increasing evidence that 
 utilising several growth factors, rather than a single one, can generate a higher 
quality of engineered cartilage (Ertan et al. 2013; Park et al. 2009).

Furthermore, transcription factors and cytokines also have a role in up- or down-
regulating cartilage formation. SOX9 is a transcription factor that has been found 
to be integral for chondrogenesis. It augments and enhances cartilage matrix genes, 
activating their expression (Lefebvre and Smits 2005). SOX9 also appears to have a 
role in the chondrogenic potential of chondrocytes; it is expressed highly in normal 
cartilage but is decreased in late osteoarthritis (Haag et al. 2008). IL-17 is a key 
cytokine related to chronic inflammatory conditions. IL-17 inhibited chondrogen-
esis of human MSCs through the suppression of PKA activity and SOX9 phospho-
rylation. IL-17 levels have found to be prevalent in conditions such as osteoarthritis. 
These results suggest that chondrogenic differentiation of MSCs can be inhibited by 
a mechanism triggered by IL-17 under chronic inflammation (Kondo et al. 2013).

It is clear from reading the above that we have only mention a tiny proportion 
of the published studies that have investigated the individual or synergistic effects 
of growth and transcription factors to promote articular cartilage regeneration and 
repair. What is needed is a large meta-analysis or systematic review to help pool 
all the available data together and produce a high-level study with significant find-
ings and conclusions.

17.12  Gene Therapy

MSCs and chondrocytes are permissive to gene transfer and as such are excellent 
candidates for gene modification to enhance their chondrogenic phenotype and 
promote proliferation, avoiding detrimental cellular dedifferentiation, and senes-
cence (Madry and Cucchiarini 2011). Gene delivery to MSCs and chondrocytes 
has been carried out to stimulate anabolic pathways, lost through dedifferentiation 
by the expression of growth factors and transcription factors, and by also inhibit-
ing catabolic pathways to prevent degradation. The introduction of foreign DNA 
encoding a gene of interest directly into a living cell results in the degradation of 
the naked DNA and therefore requires an efficient carrier for its delivery to the cell 
nucleus for gene transcription and subsequent protein expression (Kay 2011). This 
can be achieved using viral- or non-viral-derived methods.

17.12.1  Non-Viral

Elsler et al. (2012) systematically screened a panel of 15 non-viral compounds 
for their ability to promote safe, efficient and durable gene expression in human 
bone marrow-derived MSCs (hMSCS) without impeding their commitment 
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towards chondrogenic differentiation. Primary hMSCs were transfected with plas-
mid vectors carrying sequences for the Photinus pyralis luciferase Escherichia 
coli β-galactosidase, or human insulin-like growth factor I via 15 non-viral for-
mulations. Transgene expression and transfection efficiencies were monitored 
for each component in parallel with the effects on cell viability and cytotoxicity. 
Upon optimisation, the most promising reagent was then evaluated for a possi-
ble influence on the chondrogenic potential of hMSCs. Among all formulations 
tested, GeneJammer® gave the best results for transgene expression and transfec-
tion efficacy. Notably, the application of this reagent did not affect the potential of 
the cells for chondrogenic differentiation when maintained in long-term (21 days) 
three-dimensional (aggregate) cultures.

17.12.2  Viral

Efficient transgene delivery into MSCs and articular chondrocytes has been 
achieved using a variety of viral-based vectors including adenovirus, recombinant 
adeno-associated virus (rAAV), retrovirus and lentiviral vectors (Li et al. 2004). 
Each of these viral vectors has inherent advantages and disadvantages. Adenoviral 
vectors appear to be advantageous due to their high transduction efficiency, broad 
cell tropism, and the reduced immunological response particularly at avascular 
synovial joints (Hidaka et al. 2003; Kim et al. 2011).

Among the gene candidates of value for articular cartilage repair, inhibitors 
of both matrix-degrading enzymes (tissue inhibitor of metalloproteinases) (Kaul 
et al. 2006; Kafienah et al. 2003) and of proinflammatory cytokines (IL-1Ra, the 
soluble receptors sIL-1R, or sTNFR) (Haupt et al. 2005; Zhang et al. 2000) as well 
as chondroprotective cytokines (IL-4 and IL-10) (Kim et al. 2001; Manning et al. 
2010) have been applied to inhibit catabolic pathways in vitro that are potentially 
activated in response to cartilage damage or injury.

17.13  Embryonic and Young Stem Cells

Embryonic stem cells (ESCs) are advantageous, due to their unlimited self-  
renewal and pluripotency, thus representing an immortal cell source that could 
potentially provide an unlimited supply of chondrogenic cells for both cell- and tis-
sue-based therapies and replacements. However, harvesting human ESCs (HESCs) 
is surrounded by considerable ethical, moral and religious dilemmas and barriers. 
There is evidence that younger cells, such as chondrocytes, are a more promising 
cell source for cartilage regeneration (Smeriglio et al. 2014).

A potential method of avoiding these barriers is the ability of reprogramming 
somatic cells into a pluripotent embryonic stem cell-like state. This was first 
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reported by Takahashi and Yamanaka (2006). Other authors have since been able 
to show the feasibility of this method. Kunisato et al. (2010) showed that mouse 
adult bone marrow mononuclear cells are competent donor cells and can be 
 reprogrammed into pluripotent embryonic stem cell-like cells. Sumer et al. (2010) 
reprogrammed mouse embryonic fibroblasts by viral induction of oct4, SOX2, 
c-myc and klf-4 genes. The formed induced pluripotent stem-somatic hybrids had 
the ability to differentiate into cell types indicative of the three germ layers and 
were also confirmed to be reprogrammed to a pluripotent state. The development 
of induced pluripotent stem cells (iPSCs) offers several advantages for poten-
tial clinical application. Since it involves the harvesting of cells from a patient to 
derive iPSCs, the formed cells will carry the identical genetic mutations of the 
patient and should also avoid immune rejection, as this is essentially a form of 
autologous therapy. There is limited evidence at the moment in these techniques to 
exploit human iPSCs and more research is needed on iPSCs technology so that it 
can be proved safe for therapy.

17.14  Exogenous Mechanical Stimulation

So far, we have focused on endogenous methods of manipulating and stimulating 
MSCs to repair and/or regenerate cartilage. There also appear to be a number of 
exogenous methods of mechanically stimulating cells to augment the amount of 
repair and improve the quality of the produced material. Kamei et al. (2013) used 
a novel method of magnetic-assisted delivery of magnetically labelled MSCs into 
full thickness patellar cartilage defects in pigs. At both 6 and 12 weeks, arthro-
scopic procedures and biopsies from the repair sites were performed. They found 
that the mean histological scores at 12 weeks were significantly better than in the 
control group.

Amin et al. (2014) examined the effects of moderate strength static magnetic 
fields (SMFs) on chondrogenic differentiation in human BMSCs in vitro, under 
the simultaneous influence of TGF-β3. They found that that a 0.4 T magnetic field 
applied for 14 days elicited a strong chondrogenic differentiation response in cul-
tured BMSCs, so long as TGF-β3 was also present. Motoyama et al. (2010) also 
reached a similar conclusion, as did Mayer-Wagner et al. (2011) using a low mag-
netic field on MSCs under the influence of human FGF-2 and TGF-β3.

Mechanical stimulation using low intensity ultrasound, in conjunction with 
a variety of growth factors, scaffolds and stimulants has also shown to enhance 
chondrogenesis (Choi et al. 2013; Lai et al. 2010; Park et al. 2007; Lee et al. 
2007). Such non-invasive and relatively low-cost methods that have been shown 
to enhance of potential action of MSCs may provide an additional option in the 
treating physician’s armoury.
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17.15  Human Studies

The key purpose of all this research is of course to eventually enable these tech-
niques and materials to be used for the benefit of humans. Although there is plenty 
of evidence and studies showing potential benefits of stem cell treatments in in 
vitro studies within the confines of a laboratory and in in vivo animal studies, there 
is still a scarce, but slowly increasing, body of evidence investigating how such 
techniques translate to humans.

The authors performed a recent systematic review focusing on the clini-
cal application of stem cell therapy to treat cartilage defects in human subjects 
(Pastides et al. 2013). Following an extensive review over several leading litera-
ture databases, 11 articles were included in the final review. Of these studies, there 
were no randomised controlled trials; they were either prospective case series, 
cohort and case–control studies or case reports. There were three comparative 
studies; a cohort study compared ACI with MSC implantation (Nejadnik et al. 
2010), a case control study evaluated patients undergoing a high tibial osteotomy 
alone or in combination with MSC implantation (Wakitani et al. 2007), and lastly 
a prospective cohort study comparing open ACI procedures, arthroscopic ACI 
 procedures and arthroscopic implantation of bone marrow-derived cells (Giannini 
et al. 2010).

Two studies by the same research group with 73 patients used cartilage defects 
arising from the talar dome in the ankle joint (Giannini et al. 2009, 2010). All of 
these lesions were defined as grade II lesions. The remaining nine studies with 
92 patients investigated defects in the knee joint. These lesions were defined as 
grade III or grade IV in 78 patients. Two studies (Wakitani et al. 2007; Matsumoto 
et al. 2010) with 14 patients did not specify the grade of the lesion. Of the 92 knee 
lesions, 62 involved the femoral condyles, 17 involved the patella, four involved 
the trochlea, seven were multiple and two were not specified. Out of the 62 femo-
ral condylar lesions, 29 were located at the medial condyle, nine at the lateral con-
dyle and two at both condyles. The location of 22 femoral condylar lesions was 
not specified. Of the 17 patellar lesions, three were multiple.

The two studies involving the ankle joint (Giannini et al. 2009, 2010) and one 
study involving the knees of 20 patients (Buda et al. 2010) isolated bone marrow-
derived MSCs from the posterior iliac crest, whereas all other studies used the 
anterior iliac crest. The implantation timing and methods also varied. The three 
studies using the posterior iliac crest harvest and the study with the additional 
AMIC technique (de Girolamo et al. 2010) implanted the bone marrow-derived 
cells immediately whereas the other studies culture expanded the MSCs in vitro 
and performed a second-stage implantation procedure at a later date. The MSCs 
were expanded in culture for three to four weeks in most cases; for seven patients 
involved in two studies (Kasemkijwattana et al. 2011; Haleem et al. 2010), the 
duration is not specified. Collagen was the most commonly used scaffold and 
was used with a periosteal flap in 54 patients and with platelet-rich fibrin in 23 
patients. Hyaluronic acid was used with platelet-rich fibrin in 45 patients. In one 
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study (Giannini et al. 2010) involving 25 patients, either a collagen or hyaluronic 
acid scaffold was used, but not specified. A fibrin scaffold was used for 11 patients 
(de Girolamo et al. 2010), and a platelet-rich fibrin with a periosteal flap for five 
patients (Haleem et al. 2010). One study involving two patients did not specify the 
scaffold used (Matsumoto et al. 2010).

Outcome measures were also extremely variable in the reported studies, thus 
making comparison and evaluation extremely difficult. Validated patient outcome 
scores were used in almost all cases, but the actual quality of the cartilage regen-
eration was sparsely reported. Some studies made use MRI scans to evaluate the 
quality of the tissue repair, whilst only one of the included studies by Haleem 
et al. (2010) actually performed a repeat arthroscopy and utilised the International 
Cartilage Research Society (ICRS) score. It is of course easy to understand why 
not all studies proceeded with invasive testing of their subjects.

It is clear that there is currently no agreed consensus on how to perform or 
follow up these early studies in humans and thus comparison and amalgama-
tion of the outcomes is near impossible. Post-operative rehabilitation regimens, 
when reported, vary between individual studies. It appears that they generally 
involve a period of immobilisation following the procedures. However, there is 
no agreed consensus on details or duration of the weight-bearing status. The stud-
ies included in this review are not homogeneous and vary between each other in 
both study design and outcome measurements. The quality of the included studies 
was assessed by the authors using the Coleman Methodology Score (CMS) that 
assesses methodology using ten criteria, giving a total score between 0 and 100. 
A score of 100 indicates that the study largely avoids chance, various biases and 
confounding factors. The highest score was only 40 (Nejadnik et al. 2010). The 
remaining eight studies scored between 30 and 39.

Since the publication of our review in 2012, a phase 1, interventional, prospec-
tive and multicentric study is evaluating the efficacy of a single injection of autolo-
gous adipose-derived mesenchymal stem cells for the treatment of patients with 
moderate or severe osteoarthritis of the knee (http://clinicaltrials.gov/ct2/show/
study/NCT01585857). The outcomes will be evaluated 365 days post-injection 
and patients will be assessed clinically via validated scoring systems, such as the 
WOMAC (Western Ontario and McMaster Universities osteoarthritis index score) 
and the Short Arthritis Assessment Scale (SAS), improvement in the clinical range 
of movement and via MRI imaging. The results are yet to be published.

Wong et al. (2013) performed a randomised trial to analyse the results of 
the use of intra-articular cultured autologous bone marrow-derived mesenchy-
mal stem cell (MSC) injections in conjunction with microfracture and medial 
 opening-wedge high tibial osteotomy (HTO). All patients underwent HTO 
and microfracture. The cell-recipient group received intra-articular injection 
of cultured MSCs with hyaluronic acid 3 weeks after surgery, whereas the con-
trol group only received hyaluronic acid. The primary outcome measure was 
the International Knee Documentation Committee (IKDC) score at intervals of 
6 months, 1 year and 2 years post-operatively. Secondary outcome  measures were 
Tegner and Lysholm clinical scores and 1-year post-operative Magnetic Resonance 

http://clinicaltrials.gov/ct2/show/study/NCT01585857
http://clinicaltrials.gov/ct2/show/study/NCT01585857
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Observation of Cartilage Repair Tissue (MOCART) scores. Adjusting for all con-
founding factors, the cell-recipient group showed significantly better functional 
scores. In addition, magnetic resonance imaging scans performed 1 year after sur-
gical intervention showed significantly better MOCART scores for the cell-recipi-
ent group (p < 0.001). Lee et al. (2012) performed a prospective comparative study 
of combined arthroscopic microfracture and outpatient intra-articular injections of 
autologous bone marrow-derived MSCs and hyaluronic acid (HA) compared to 
implantation of the MSCs beneath a sutured periosteal patch over the defect. They 
found no significant difference between the two treatment options, but both groups 
did improve significantly. There is also some evidence to show that the intra-
articular injection of MSCs alone as treatment has benefits. Orozco et al. (2013) 
performed a pilot study with treated twelve patients suffering with chronic knee 
pain secondary to osteoarthritis with autologous expanded bone marrow MSCs by 
intra-articular injection. At 12 months post-injection, they were found to improve 
symptomatically very well and subsequent MRI scans showed a highly significant 
decrease of poor cartilage areas with improvement of cartilage quality in 11 of the 
12 patients.

As is evident, there is a slow and growing body of evidence that the effects of 
MSCs treatments can be successfully translated from in vitro and animal studies, 
to humans. It is also clear that the evidence is still sparse, diverse and non-compa-
rable. The need for large, high-quality studies to investigate potential benefits and 
safety of such treatments in humans is required.

17.16  Discussion

The potential use of tissue engineering strategies and stem cell research for car-
tilage defects is a very attractive option with a bright future. Despite the huge 
amount of resources and studies being conducted around the globe, there is still 
a cloud of mystery surrounding the optimum strategies and treatment methods. 
Starting with a multipotent building block, the stem cell, the aim is to guide it 
down the path of chondrogenesis. There are many obstacles that need to be over-
come prior to the acceptance of such techniques. These include the safe  collection 
and isolation of the cells, optimisation of culture and expansion methods, the safe 
delivery of the cells with maintenance within the desired defect and detailed fol-
low-up and rehabilitation regimens for the patients.

A major obstacle remains the use of stem cells as a form of treatment. 
Embryonic stem cells, which are pluripotent, are generally not accepted to be 
used for such research due to the moral, religious and cultural question marks sur-
rounding them. However, the potential benefit of stem cell research to deliver new 
treatments for currently incurable diseases in well recognised. Most countries are 
open to the idea of research within this field under strict regulation. For example, 
in 2005, the United Kingdom established the UK Stem Cell Initiative (UKSCI) 
(http://webarchive.nationalarchives.gov.uk/20130107105354/http://www.dh.gov.

http://webarchive.nationalarchives.gov.uk/20130107105354/www.dh.gov.uk/prod_consum_dh/groups/dh_digitalassets/%40dh/%40en/documents/digitalasset/dh_4124088.pdf
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uk/prod_consum_dh/groups/dh_digitalassets/@dh/@en/documents/digitalasset/
dh_4124088.pdf) to regulate the current and future role of the research in the 
country. The budget report set out the broad goals of the initiative which included 
a high-level review, in collaboration with public and private sector stakeholders, to 
formulate a ten-year vision for stem cell research in the UK, creating a platform 
for coordinated public and private funding of research. Induced pluripotent stem 
cells appear to be an attractive option, but it remains to see whether such cells 
show superior outcomes over MSCs.

Augmentation of MSCs using gene therapy and growth factors has shown sig-
nificant benefits to cartilage formation. It is fairly well accepted that growth fac-
tors such as IGF-1 and TGF-b1 and TGF-b3 can augment chondrogenesis. Up- or 
downregulation of certain cytokines and transcription factors can also be used with 
good effect to improve outcome. Furthermore, using a combination of these tech-
niques could cause even more synergy.

The current literature is booming with research reporting on outcomes of chon-
drogenesis using stem cells and tissue engineering techniques under various stim-
uli. It reflects the growing desire to optimise techniques with an ultimate aim of 
translating and applying the in vitro and animal studies into our patient population. 
As seen from the section on human studies, there is early interest and application 
of these techniques into human trials. However, there is a lack of consistency in 
both study design and follow-up methodology. What is required are large, mutli-
centred, well-designed studies with firm and robust primary and secondary end-
points and a long follow-up.

What is certain is that stem cell techniques and tissue engineering strategies 
are a viable, attractive and potential cartilage regenerating method of curing the 
problem of articular cartilage defects. Whereas arthroplasty will almost certainly 
remain the mainstay treatment option for established osteoarthritis, reparative 
techniques for smaller, more discrete cartilaginous defects may benefit from stem 
cell technology. It is unclear how close we are to finding our ‘holy grail’ by the 
quest is well underway.
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Abstract From the first case of bone marrow transplantation for Crohn’s disease 
in 1993, numerous studies have shown that stem cell transplantation has potential 
treatment effect for inflammatory bowel disease (IBD), including ulcerative colitis 
(UC) and Crohn’s disease (CD). The source of stem cells might include hemat-
opoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) peripheral or 
from the bone marrow. Further, this chapter addressed both the clinical and experi-
mental results on the autologous or allogeneic HSC transplantation, and systemic 
or local MSC transplantation for CD. Ongoing or released phase I, II, and III data 
have all been summarized in this chapter. Later, the possible mechanisms such as 
mucosa healing and immune regulation were addressed. In particular, unpublished 
date from our group for the injection way of stem cell for the treatment of coli-
tis has been shown. Though encouraging but inclusive from current studies, more 
questions like long-term, phase III, RCT studies are appealing. Best ratio of cell 
type and best injection way, as well as the possible issue of carcinogenic, have also 
been pointed out in the perspective. All in all, stem cell transplantation might be a 
revolution treatment for the IBD patients, but needs more confirmative, in-depth, 
and long-term studies from both clinical and experimental.
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18.1  Introduction

Stem cells are undifferentiated biological cells that can differentiate into special-
ized cells and can divide to produce more stem cells. In humans, there are two main 
types of stem cells: embryonic stem cells and adult stem cells. Embryonic stem 
cells are isolated from the inner cell mass of blastocysts. And adult stem cells are 
found in various tissues. Stem cells have the properties of self-renewal and potency 
definition, which has been used in the treatment of multiple diseases, such as leuke-
mia (Craddock 2000), spinal cord injury repair (Kang et al. 2005), heart infarction 
(Strauer et al. 2009), wound healing (Gurtner et al. 2007), and inflammatory bowel 
diseases (especially Crohn’s disease) (Martínez-Montiel Mdel et al. 2014a).

Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the 
colon and small intestine, mainly including ulcerative colitis (UC) and Crohn’s dis-
ease (CD) (Liang et al. 2011a). Traditional treatment contains mesalazine (Moss 
et al. 2014), immunosuppressant (Dulai et al. 2014), corticosteroid (Targownik 
et al. 2014), and newly biological treatment (Lewis 2007), such as anti-TNF-α and 
surgery (Levesque et al. 2014). However, all these methods might fail in certain 
refractory, complicated and corticosteroid-dependant or corticosteroid-resistant 
patients. New treatments are appealing for IBD patients (Lewis 2007).

18.2  History of Stem Cell Transplantation for IBD

There is emerging evidence that stem cell transplantation might provide long-term 
remission for IBD, including hematopoietic stem cells (HSCs) and mesenchy-
mal stem cells (MSCs). The story of stem cell transplantation for the treatment 
of IBD came from a case of CD in bone marrow transplantation in 1993 (Drakos 
et al. 1993). Further, Lopez-Cubero et al. reported six leukemia patients, who 
underwent allogeneic marrow transplantation for mainly treatment of leukemia. 
Unexpectedly, five out of the six leukemia with CD were remission of CD more 
than 1 year after the transplantation and four of the five patients had sustained 
remission up to 15 years post-transplant (Lopez-Cubero et al. 1998). More prac-
tices have been approached for stem cell transplantation for IBD patients.

18.3  Hematopoietic Stem Cell Transplantation (HSCT) for IBD. 
Hematopoietic Stem Cell Transplantation (HSCT) for CD

Hematopoietic stem cells (HSCs) are the blood cells that give rise to all the other 
blood cells and are derived from mesoderm. They are located in the red bone mar-
row, which is contained in the core of most bones. HSCs present glycoproteins 
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as CD34+, CD 90+, CD133, and CD38−. Application of HSC transplantation 
(HSCT) in CD has been carried out widely. A phase I HSCT study in 12 patients 
with refractory CD had been carried out by Dr. Richrd K Burt’s group, which 
showed 11 of 12 patients entered a sustained remission. After 7–37 (median 18.5) 
months follow-up visit, only one patient has developed a recurrence of active CD 
(Oyama et al. 1995). Five years later, in 2010 his group renewed the data. Eighteen 
of 24 patients are five or more years after transplantation, all of whom went into 
remission with a CDAI less than 150. The percentage of clinical relapse-free sur-
vival (defined as the percent free of restarting CD medical therapy after transplan-
tation) is 91 % at 1 year, 63 % at 2 years, 57 % at 3 years, 39 % at 4 years, and 
19 % at 5 years. The percentage of patients in remission (CDAI < 150), corticos-
teroid-free, or medication-free at any post-transplantation evaluation interval more 
than 5 years after the transplantation remained over 70, 80, and 60 %, respectively 
(Burt et al. 2010). Burt et al. (2011) also released HSCT for systemic sclerosis 
in 2011 in Lancet. In his practice, stem cells were mobilized from the peripheral 
blood using cyclophosphamide (2.0 g/m2) and G-CSF (10 μg/kg/day), enriched 
ex vivo by CD34+ selection, and re-infused after immunosuppressive condition-
ing with cyclophosphamide (200 mg/kg) and either equine anti-thymocyte glob-
ulin (ATG, 90 mg/kg) or rabbit ATG (6 mg/kg) (Burt et al. 2010, 2011). Later, 
Hasselblatt et al. (2012) reported the outcome of 12 patients with refractory CD 
treated with HSCT. He showed harvest following mobilization chemotherapy was 
successful in 11/12 patients and resulted in a clinical and endoscopic improvement 
in 7/12 patients. Subsequent conditioning and HSCT were performed in 9 patients 
with well-tolerated treatment. Among them, five patients achieved a clinical and 
endoscopic remission within 6 months. However, relapses occurred in 7/9 patients 
during 3.1-year (range 0.5–10.3 years) follow-up. The good news was that the 
relapsed disease could be controlled by low-dose corticosteroids and conventional 
immunosuppressive therapy.

Unlike Dr. Burt’s group, some groups do not perform CD34+ cell selec-
tion before the HSCT. Cassinotti et al. (2008) used the protocol as following: 
Unselected HSCs were collected after mobilization with cyclophosphamide (CTX) 
1.5 g/m2 and granulocyte colony-stimulating factor (G-CSF) 10 mg/kg. The con-
ditioning regimen included CTX 50 mg/kg on days −5 to −2 and rabbit anti-thy-
mocyte globulin (ATG) 2.5 mg/kg on days −4 to −2. He found no improvement 
or slight deterioration after mobilization. At the 3rd month, the clinical remission 
was achieved in all patients and complete endoscopic remission was achieved in 
2/3 patients. After a median follow-up of 16.5 months, 3/4 patients maintained 
both clinical and endoscopic remission. After withdrawal of all drugs, complete 
fistula closure was observed in all affected patients. But no deaths or life-threaten-
ing infection occurred. And unexpected adverse events included a perianal abscess 
after mobilization in one patient, pleural and pericardial effusions in another, and 
BK virus-related macrohamaturia in another all rapidly resolved with conservative 
treatment. Generally, HSCT has been safe and effective in IBD patients whether 
with or without CD34+ selection.
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The European Crohn’s and Colitis Organisation (ECCO) and the European 
Group for Blood and Marrow Transplantation (EMBT) have carried out the 
clinical trial for this issue. The phase III Autologous Stem Cell Transplantation 
International Crohn’s Disease (ASTIC) study included the patients and randomized 
to two treatment arms: mobilization chemotherapy with G-CSF and autologous 
HSCT in 30d versus mobilization chemotherapy with G-CSF and conditioning 
with autologous HSCT after 13 m. ECCO released the preliminary result in 2013 
that HSCT appeared to be effective in CD patients with endoscopic improvement 
of the disease. However, it involved the risk of adverse effects and the end results 
referred to the trial objective are still awaiting analysis (Hawkey et al. 2013).

18.4  Hematopoietic Stem Cell Transplantation (HSCT) 
for UC

Besides CD, HSCT has been used in UC patients as well. In 1995, a woman with 
a 7 year history of distal UC was later diagnosed of breast cancer and got HSCT. 
By this time, she had no symptoms relating to IBD. Till 25 months, UC relapsed 
and azathioprine was added. Then, the patient is asymptomatic and tumor free, on 
azathioprine, 36 months after relapse of UC (Martí et al. 2001).

18.5  Safety of Hematopoietic Stem Cell Transplantation 
(HSCT) for IBD

The overall safety of HSCT in the treatment of autoimmune diseases (includ-
ing IBD) might be evaluated from the European Group for Blood and Marrow 
Transplantation Working Party on Autoimmune Diseases 12-year experience 
(Farge et al. 2010). Nine hundred patients with autoimmune diseases who under-
went autologous hematopoietic stem cell transplant obtained the 5-year survival of 
85 % and the progression-free survival of 43 %, although the rates varied widely 
according to the type of autoimmune disease. No significant influence of trans-
plant technique was identified. Age less than 35 years (p = 0.004), transplanta-
tion after 2000 (p = 0.0015), and diagnosis (p = 0.0007) were associated with 
progression-free survival. This largest cohort studied worldwide shows that autol-
ogous HSCT can induce sustained remissions for more than 5 years in patients 
with severe autoimmune diseases refractory to conventional therapy. The type 
of autoimmune disease, rather than transplant technique, was the most relevant 
determinant of outcome. These data support ongoing and planned phase III trials 
to evaluate the autologous HSCT in the treatment strategy for severe autoimmune 
diseases including IBD. Accordingly, autologous HSCT might be an effective 
option for IBD patients. Further studies are needed to determine the best way and 
standard procedure for the transplantation.
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18.6  Allogenic Stem Cell Transplantation (HSCT) for IBD

Allogenic stem cell transplantation (HSCT) for IBD was been reported in 2009. 
New England Journal of Medicine (NEJM) reported a case with mutation of the 
IL10RA and IL10B genes. Mutations in genes encoding the IL10R subunit pro-
teins were found in patients with early onset colitis, involving hyperinflammatory 
immune responses in the intestine. Allogeneic stem cell transplantation resulted in 
disease remission in one patient (Glocker et al. 2009). Retrospective study from 
Ditschkowski et al. (2003) showed 7 CD and 4 UC patients who underwent allo-
geneic SCT for hematologic malignancy and myelodysplastic syndrome. After a 
median follow-up of 34 months post-transplantation, 10 patients are alive. None of 
the patients showed IBD activity after the transplantation, except one patient with 
mild symptoms of CD early after transplant. Colonoscopy after complete discon-
tinuation of post-transplant immunosuppression revealed no pathologic findings. 
As we mentioned previously, Lopez-Cubero et al. reported six leukemia patients, 
who underwent allogeneic marrow transplantation for leukemia and 4/5 patients 
remained symptom-free during a period of 54–183 m after the transplantation 
(Martínez-Montiel Mdel et al. 2014b). Similar findings had been seen in a patient 
with CD and acute myeloid leukemia subjected to allogenic HSCT (Talbot et al. 
1998). Generally, allogenic stem cell transplantation (HSCT) for IBD has not cur-
rently been recommended, except in very specific cases such as the mutation of 
IL-10 gene.

18.7  Mesenchymal Stem Cells (MSCs) for CD

Mesenchymal stem cells (MSCs) have a great capacity for self-renewal while 
maintaining their multipotency and immunosuppression (English 2013). The cul-
tured MSCs also express on their surface CD73, CD90, and CD105 while lacking 
the expression of CD11b, CD14, CD19, CD34, CD45, CD79a, and HLA-DR sur-
face markers (Dominici et al. 2006).

18.8  Systemic MSC Treatment for CD

Many clinical trials of MSC therapy for IBD have been carried out. In the first 
human clinical trial of systemic MSCs in CD, Onken et al. treated 10 patients who 
had failed the traditional medicine and had active diseases. The patients were ran-
domized to receive allogenic bone marrow-derived MSCs 2 million cells/kg or 8 
million cells/kg i.v (Onken et al. 2006). With the follow-up at day 28, 9 patients 
had decreased CDAI score (341 vs. 236, p = 0.004). The primary end point was 
defined as a ≥100-point reduction in CDAI. This response was achieved in 3 
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patients by day 14. And mean IBD quotient scores increased significantly from 
baseline to day 28 (113 vs. 146, p = 0.008). There had an association between 
mean change in IBD quotient and clinical response at day 28 (p = 0.07). Although 
not statistically significant, the mean reduction in the CDAI at day 28 was greater 
in the 8 million cells/kg group than that in the 2 million cells/kg group. No severe 
side effects had been reported. In the Digestive Disease Week in 2010, another 
group reported transplantation of MSC to CD patients in Russia. Clinical–mor-
phological remission registered in 6 of 11 patients and endoscopic remission 
registered in 4 patients. MSC transplantation stimulates depressed synthesis of 
cytokines, decreases intensity of immunopathological processes in CD, and helps 
in decreasing GCS requirement.

A phase I study reported autologous bone marrow-derived mesenchymal 
stromal cell treatment for refractory luminal CD (Duijvestein et al. 2010). Ten 
patients with refractory CD underwent bone marrow aspiration under local anes-
thesia. Bone marrow MSCs were isolated and expanded ex vivo. MSCs were 
tested for phenotype and functionality in vitro. Nine patients received two doses of 
1–2 × 106 cells/kg body weight, i.v. 7 days apart. Three patients showed clinical 
response (CDAI decrease ≥70 from baseline) 6 weeks after the treatment; con-
versely, three patients required surgery due to disease worsening. Phase III clini-
cal trials have been carried out in certain companies, as Oasis in USA, Cellerix in 
Europe, and Anterogen in Asia (www.clinicltrials.gov). The current ongoing larg-
est, randomized, placebo-controlled, double-blind phase III study of prochymal 
(allogenic marrow-derived MSCs) in CD was initiated in 2007 by Osiris company 
(http://clinicaltrials.gov/ct2/show/NCT00294112) (Taupin 2006). The study is 
planned to enroll 270 patients with active CD (CDAI 250-450) who have a history 
of treatment failure with or intolerance to corticosteroid, immunosuppressants, 
and biological agents. Patients are then randomized to receive four infusions over 
2wk of either 600 million cells (low dose: two infusions of 200 × 106 hMSCs 
in week 1, then two infusions of 100 × 106 hMSCs in week 2) or 1200 million 
cells (high dose: two infusions of 400 × 106 hMSCs in week 1, then two infusions 
of 200 × 106 hMSCs in week 2) or placebo. The primary end point of the study 
is clinical remission at day 28 with secondary end points being clinical response, 
improved quality of life (defined as increased IBD quotient score), and decreased 
number of draining fistulae. In March 2009, with 207 patients enrolled, the trial 
was suspended because of a high placebo response. Subsequently, the United 
States Food and Drug Administration (US FDA) authorized the reopening of the 
study, though no results are available now (Mannon 2011).

Allogeneic mesenchymal stem cell transplantation had been well carried out in 
Nanjing GuLou Hospital in China. Liang et al. reported the results obtained in 7 
patients with IBD (4 with CD and 3 with UC). In 3 cases, MSCs were obtained 
from the bone marrow of healthy donors, and in 4 cases, from umbilical cord. The 
dose administered consisted of one million cells/kg i.v. All the patients maintained 
the medication (corticosteroids and/or immunosuppressants) after the infusion. 
Five subjects showed remission. Two CD patients and one UC patient showed 
improved endoscopic appearance. In all three of these subjects, biopsies revealed 

http://www.clinicltrials.gov
http://clinicaltrials.gov/ct2/show/NCT00294112
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a decrease in the extent of IBD and in intensity of lymphoid infiltrate. Side effects 
were mild as one facial flushing for 6 h and another insomnia during the first night 
following infusion (Liang et al. 2012). Recently, Forbes GM et al. published their 
phase II study result. In their phase II, open-label, multicenter study, they treated 
16 patients who had biological agents refractory, endoscopically confirmed, 
active luminal CD (CDAI > 250). Subjects were given intravenous infusions of 
allogeneic MSCs (2 × 106 cells/kg body weight) weekly for 4 weeks. The pri-
mary end point was clinical response (decrease in CDAI > 100 points) 42 days 
after the first MSC administration; secondary end points were clinical remission 
(CDAI, <150), endoscopic improvement (a CD endoscopic index of severity value, 
<3 or a decrease by >5), quality of life, level of C-reactive protein, and safety. 
Fifteen out of sixteen patients who completed the study showed the mean CDAI 
score reduced from 370 (median, 327; range, 256–603) to 203 (median, 129) at 
day 42 (p < 0.0001). The mean CDAI scores decreased after each MSC infusion 
(370 as baseline, 269 on day 7, 240 on day 14, 209 on day 21, 182 on day 28, and 
203 on day 42). Twelve patients had a clinical response (80 %; 95 % CI 72–88 %; 
mean reduction in CDAI, 211; range 102–367) and 8 had clinical remission (53 %; 
range, 43–64 %; mean CDAI at day 42, 94; range, 44–130). Seven patients had 
endoscopic improvement (47 %). One patient had a serious adverse event (2 dys-
plasia-associated lesions), but was speculated to be not caused by MSCs (Forbes 
et al. 2014).

For the safety of MSC treatment, human clinical trials mostly showed the 
safety with no toxic effects or generation of ectopic tissue. The most commonly 
reported side effect was transient fever (Lalu et al. 2012). MSCs may be infected 
with viruses (e.g., cytomegalovirus (CMV), herpes virus), and a case of infec-
tion with Epstein–Barr (EV) virus has been reported in a patient followed by 
the administration of MSCs due to an episode of GVHD (Ringdén et al. 2006). 
Meanwhile, a possible case of bacterial infection transmitted by umbilical cord 
hematopoietic stem cells has recently been reported (Bhatt et al. 2013). In gen-
eral, systemic MSCs treatment is promising, but needs phase III clinical trials for 
validation.

18.9  Local MSC Treatment for CD

The first trial of local treatment of fistulae for 5 CD patients with autologous 
MSCs (ASCs) was published in 2005 (García-Olmo et al. 2005). In their phase 
I study, nine fistulas in four patients had been given the autologous MSC (ASCs) 
transplantation. In six fistulas, the external opening was covered with epithelium 
at the end of 8w, and thus, these fistulas were considered healed (around 75 %). 
In the other two fistulas, there was only incomplete closure of the external open-
ing, with a decrease in output flow (not healed; 25 %). No adverse effects were 
observed in any patient at the end of the follow-up period (mean 22 m, 12–30 m). 
With this promising method, they have carried out the phase II study and released 
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the data 4 years later. In the phase II study, fistula healing was observed in 17 of 
24 patients (71 %) compared with 4 of 25 control patients (16 %) (relative risk for 
healing, 4.43; CI 1.74–11.27); p < 0.001). Quality of life scores were higher in 
patients who received ASCs than control. At one-year follow-up, the recurrence 
rate in patients treated with ASCs was 17.6 %. Both treatments were well toler-
ated (Garcia-Olmo et al. 2009). Another two groups published their data later. In 
Cho YB’s dose escalation study, patients were sequentially enrolled into three dos-
ing groups with at least three patients per group. The first three patients (group 1) 
were given 1 × 107 cells/ml. After 4 weeks, this dose was deemed safe, and so an 
additional four patients (group 2) were given 2 × 07 cells/ml. Four weeks later, 
after which this second dose was deemed safe, a third and final groups of three 
patients were given 4 × 107 cells/ml. Each patient was followed for a minimum of 
8 weeks. Patients who showed complete healing at week 8 were followed up for 
an additional 6 months. Efficacy end point was complete healing at week 8 after 
injection, defined as complete closure of the fistula track and internal and external 
openings without drainage or signs of inflammation. There were no grade 3 or 4 
severity adverse events, and there were no adverse events related to the study drug. 
Two patients in group 2, treated with 2 × 107 ASCs/ml, showed complete healing 
at week 8 after injection. Of the three patients enrolled in group 3, treated with 
4 × 107 ASCs/ml, one showed complete healing. Outcome in another patient was 
assessed as partial healing due to incomplete closure of the external opening. All 
three patients with complete healing at week 8 showed a sustained effect with-
out recurrence 8 months after injection. From this dose escalation study, it demon-
strates the tolerability, safety, and potential efficacy of ASCs for the treatment of 
CD fistula (Cho et al. 2013).

The results of the FATTI phase III, randomized, single-blind, multicenter clini-
cal trial were published in 2012 (Herreros et al. 2012). Two hundred subjects 
were randomized to three groups: 20 million ASCs (group A), 20 million ASCs 
with fibrin glue (group B), and fibrin glue with placebo (group C). The possibility 
existed of a second dose of 40 million ASCs in week 12. The primary end point 
was fistular sealing in week 12 and in weeks 24–26. Of the 200 randomized indi-
viduals, 183 received treatment, and 165 completed the study. After 12 wk, fistular 
sealing was observed in 26.5, 38.33, and 15.25 % of patients in groups A, B, and 
C, respectively (p = 0.01). A second dose was administered in 61.5 % of patients, 
with fistular sealing in 39.1, 43.3, and 37.3 %, respectively (p = 0.79). Posterior 
analysis stratified by center revealed far better results for patients administered 
ASCs on comparing the center with the greatest experience versus the rest of the 
participating centers: 45.55, 83.3, and 18.8 % (P = 0.025 for treatment) versus 
35.8, 33.3, and 42.6 % for groups A, B, and C, respectively. The treatment at the 
center with most experience was considered to be a significant factor. It is specu-
lated that the experience of the surgeon in using ASCs in perianal fistulas may be 
decisive. There were no significant differences in adverse effects among the three 
groups. A total of 37 serious adverse effects were recorded—three of which were 
related to the procedures used, but none to use of ASCs.
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In that same year, the first study on donor adipose tissue expanded mesenchy-
mal stem cells (eASCs) was published by a Spanish research group, which was 
open-label, single-arm clinical trial at six Spanish hospitals. Twenty-four patients 
were administered intralesionally with 20 million eASCs in one draining fistula 
tract. A subsequent administration of 40 million eASCs was performed if fistula 
closure was incomplete at week 12. Subjects were followed until week 24 after 
the initial administration and showed 69.2 % of the patients with a reduction in 
the number of draining fistulas at 24 weeks. Among them, 56.3 % of the patients 
achieved complete closure of the treated fistula achieved and 30 % of the cases 
presenting complete closure of all existing fistula tracts. Magnetic resonance 
imaging (MRI) Score of Severity also showed statistically significant differences 
at week 12 with a marked reduction at week 24 (de la Portilla et al. 2013). At pre-
sent, a phase III study is underway involving eASCs for the treatment of complex 
fistulas in CD patients. This trial will contribute relevant information and may lead 
to future commercial use of the treatment. The safety of this method appears to 
have been confirmed by above different studies published to date.

18.10  Timing of MSC Transplantation for CD

Duijvestein et al. showed that immunosuppressants and anti-TNF compounds 
do not change the phenotype, morphology, viability, differentiation, and func-
tional capabilities when incubated with MSCs in physiological concentrations. 
Conversely, the presence of MSCs did not hamper the immunosuppressive effect 
of those commonly used medications for the treatment of CD (Duijvestein et al. 
2011). In another study examining the mechanism of various anti-TNF medica-
tions, Vos et al. (2012) found that anti-TNF antibodies differentiate blood-derived 
macrophage into regulatory phenotype in an FC fragment-dependent fashion. 
The phenotype has anti-inflammatory properties because it inhibits the prolifera-
tion of activated T cells, produces IL-10, and expresses regulatory macrophage 
marker CD206. Similarly, MSCs can turn macrophages into the regulatory phe-
notype, raising the possibility of synergism (Maggini et al. 2010). All in all, MSC 
treatment might be an attractive method for CD therapy and to enable more rapid 
tapering of immunosuppressive therapy. All the current trials have showed short-
term safety and efficacy of MSC transplantation for CD. There is an apparent dis-
crepancy in response to MSC therapy for CD based on route of administration (i.v. 
vs. intralesional vs. intra-arterial). The reason for this is speculative, but it might 
reflect the density of the injected cells at the lesion site. Ongoing trials with higher 
doses may help in answering this question. Many challenges remain ahead, includ-
ing the best administration route, the best source of MSCs, and the density of 
cells needed at the lesion site to guarantee effective therapy. It will be particularly 
important to determine which combinations, including biologics, are more effec-
tive in the treatment of CD (Dalal et al. 2012).
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18.11  Mechanisms for Stem Cell Transplantation for CD

Understanding the pathogenesis of IBD is the basis for the development of new 
treatments. IBD is regarded as the result of an abnormal host immune response to 
intraluminal antigens occurring in a genetically predisposed individual, with the 
production of chronic inflammation of the gastrointestinal tract, accompanied by 
tissue destruction. IBD is the consequence of complex interaction among genetic 
(Liang et al. 2011b), environmental, microbial factors (Sha et al. 2014), and some 
others. They produced sustained inflammation and caused the mucosal barrier and 
immune system defects (Sha et al. 2014). Treatment for IBD might help to repair 
the damage of the intestinal mucosa and regulate the immune microenvironment in 
the gastrointestinal system (Liang et al. 2013). Thus, transplantation for the treat-
ment of IBD might have the following mechanisms.

18.12  Regeneration of the Damaged Gastrointestinal 
Track

Okamoto R et al. reported that bone marrow cells can repopulate the epithelia of 
the human gastrointestinal tract. From human donors and Y-FISH analysis, they 
found that the donor-derived epithelial cells substantially repopulated the gas-
trointestinal tract during epithelial regeneration after graft-versus-host disease 
or ulcer formation. Regeneration of gastrointestinal epithelia with donor-derived 
cells in humans shows a potential clinical application of bone marrow-derived 
cells for repairing severely damaged epithelia, not only in the gastrointestinal tract 
but also in other tissues (Okamoto et al. 2002). More animal experiments proved 
stem cells might repair the mucosal regeneration in colitis models. Brittan et al. 
(2005) studied on the trinitrobenzenesulfonic acid (TNBS)-induced colitis mice 
and showed that stem cells contribute to multiple intestinal cell lineages in coli-
tis, with an important function in tissue regeneration and vasculogenesis after 
injury. The contribution of stem cells to intestinal myofibroblasts was significantly 
increased in regions of colitis than the noninflamed regions. Furthermore, bone 
marrow-derived endothelial cells, pericytes, and vascular smooth muscle cells 
were frequently spread throughout blood vessels to facilitate angiogenesis in tis-
sue repair. Hayashi et al. (2007) reported the similar result in the dextran sulfate 
sodium (DSS)-induced colitis mice. In their study, examined by confocal micros-
copy and fluorescence immunohistochemistry, stem cells were frequently observed 
in the vimentin-positive colonic interstitial cells, which also expressed alpha-
smooth muscle actin and had a spindlelike morphology, but did not express leuko-
cyte common antigen. They also frequently transdifferentiated into subepithelial 
myofibroblasts and fibroblasts and often resided in the colonic subepithelia after 
the experimental colitis had healed. Bone marrow transplantation was observed to 
ameliorate the pathology in interleukin-10 (IL-10) knockout colitis mice (Bamba 
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et al. 2006). Here, interleukin IL-10−/− mice were used as a model of IBD to 
investigate the involvement of bone marrow-derived cells in the inflamed mucosa. 
Body weights and histological scores showed that IL-10−/− mice that received 
wide-type mice stem cell transplantation had an improved course of colitis and 
decreased mucosal pro-inflammatory factors expression. Conversely, IL-10−/− 
mice receiving IL-10−/− bone marrow progressed to extensive colitis. The expres-
sion of MMP-7 and osteopontin was upregulated in the inflamed mucosa. In 
conclusion, IL-10−/− mice displayed ameliorated disease activity after the stem 
cell transplantation. Recent data exhibited that bone marrow-derived mesenchymal 
stem cells are a major source of interleukin-7 (IL-7) and sustain colitis by forming 
the niche for colitogenic CD4 memory T cells (Nemoto et al. 2013).

18.13  Mesenchymal Stem Cells (MSCs) Regulate 
the Immune System

MSCs provided an effective therapeutic role in inflammatory diseases by modu-
lating inflammatory responses and tissue regeneration by their differentiation 
ability. Studies demonstrated the potential therapeutic use of MSCs in treating 
chronic DSS-induced colitis in mice (Salam et al. 2014). Mice were divided into 
two groups: one was treated with MSCs and the other was treated with phosphate-
buffered saline (PBS) as control. Assessment of therapeutic efficacy of MSCs was 
carried out by measuring weight, stool score, histopathologic score, and inflam-
matory factors such as interleukin-23 (IL-23), tumor necrosis factor-α (TNF-α), 
interferon-γ (IFN-γ), and intercellular adhesion molecule-1 (ICAM-1). The results 
showed that MSC-treated mice showed a significant improvement in stool con-
dition, weight gain, and normal histopathologic score compared to the control. 
Moreover, gene expressions of inflammatory molecules in the MSC-treated mice 
were also significantly lower than those of the control mice. Decreased expres-
sion of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and down-regulation 
of STAT3 phosphorylation in colon tissue were also found after MSC treatment 
(Chen et al. 2014). From the DSS-induced colitis mice model, it showed that 
MSCs might inhibit the key inflammatory molecule expression and had poten-
tial roles in the treatment for IBD. Study on the interactions between transplanted 
bone marrow-derived mesenchymal stem cells in the TNBS-induced colitis mice 
showed the similar effect (Zuo et al. 2013). The MSCs were transduced with a 
replication-defective recombinant lentiviral vector carrying GFP in order to be 
able to trace the injected cells in vivo. Prepared MSCs (1 × 106) were injected 
into rats with TNBS-induced colitis via the tail vein. Two weeks after the intrave-
nous infusion, the frequency of CD4+CD25+Foxp3 cells in the peripheral blood 
was examined by flow cytometry. Similarly as previous DSS-induced colitis mice 
experiment, the systemic infusion of MSCs significantly ameliorated the clini-
cal and histopathologic severity of TNBS-induced colitis. There was an inverse 
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regulation of mucosal and peripheral Foxp3 expression, suggesting that the MSCs 
redistributed the Tregs from the mucosa to the blood. MSCs exhibit immunomod-
ulatory functions and may be used to ameliorate or treat IBD by redistributing 
regulatory T cells. It showed that MSC transplantation might induce M2 mac-
rophage polarization as the major source of TGF-beta to alleviate the colitis in 
DSS-induced mice model (Wang et al. 2014).

18.14  Role of Intestinal Myofibroblastive Stem Cells 
in Colitis

The subepithelial mesenchymal cells and their secreted basement membrane fac-
tors comprise the lamina propria, which provides a supporting network for the 
epithelial cells and regulates epithelial cell function. The lamina propria contains 
two intestinal myofibroblast populations: the interstitial cells of Cajal (ICC) and 
intestinal subepithelial myofibroblasts (ISEMFs). ICC are cells located in an 
intramuscular space between the submucosa and muscularis propria, which regu-
late gastrointestinal smooth muscle motility, facilitate the propagation of electri-
cal events, and regulate neurotransmission (Sanders et al. 2002). ISEMFs, also 
called pericryptal fibroblasts, reside subjacent to the basement membrane of 
the small and large intestines (Andoh et al. 2005). ISEMFs are specialized mes-
enchymal cells that exhibit the features of both fibroblasts and smooth muscle 
cells. Previously, some controversy has been debated about the role of intestinal 
myofibroblastive stem cells in colitis. More data proved that intestinal myofibro-
blastive stem cells in colitis might also have the therapeutic effect for the colitis. 
Andoh et al. (2007) showed that the number of Th-17 cells was increased in the 
inflamed mucosa of IBD patients (Jiang et al. 2014), which could modulate the 
intestinal subepithelial myofibroblast to affect the colitis and bone marrow-derived 
stem cells in mucosal regenerative response via differentiation to ISEMF. Thus, 
intestinal subepithelial myofibroblasts have potential role in inflammation and 
regenerative response in the gut. Studies also showed that nonmyeloablative stem 
cell therapy enhances microcirculation and tissue regeneration in murine inflam-
matory bowel disease. Moderate–severe colitis in mice was induced by DSS and 
2.0 × 106 immortalized CD34−stem cells infused twice via the tail vein dur-
ing an observation period of 35 days in a nonmyeloablative setting. It showed 
that nonmyeloablative stem cell therapy resulted in increased survival in severe 
colitis (p < 0.0001). Clinical activity and histologic score of the colitis sever-
ity were reduced significantly in moderate (p = 0.0003 or p = 0.03) and severe 
(p < 0.0001 or p < 0.03) colitis after 35 days, in addition to the DSS-induced 
shortening of colon length (p = 0.002 and p < 0.0002). Genetically marked stem 
cells were detected predominantly in the submucosa of the damaged colon epithe-
lium. Epithelial repair in experimental IBD was mediated either by induction of 
improved vasculogenesis or by the differentiation of the transplanted stem cells 
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into endothelial cells, as demonstrated by the promotion of Tie2 activity in the 
infused cells at the site of the damaged mucosa (Khalil et al. 2007).

Recently, Lei et al. (2014) showed intestinal subepithelial myofibroblasts sup-
port the growth of intestinal epithelial stem cells. They hypothesized that co-
culture with ISEMF could enhance the growth of intestinal epithelial stem cells 
(ISCs) in vitro and allows for their successful in vivo implantation and engraft-
ment. ISC-containing small intestinal crypts, FACS-sorted single ISCs, and 
ISEMFs were procured from C57BL/6 mice. Crypts and single ISC were grown 
in vitro into enteroids, in the presence or in the absence of ISEMFs. Co-culture 
of ISCs with supportive ISEMFs relinquished sustaining long-term growth and 
differentiation of ISCs. Mono- and co-cultures were implanted subcutaneously in 
syngeneic mice. Co-culture with ISEMFs proved necessary for the success of in 
vivo engraftment and proliferation of enteroids. Further study showed Wnt ago-
nists supported ISC growth.

18.15  Best Way for MSC Transplantation 
for Colitis Intraperitoneal

From above data, experimental and clinical, stem cell therapy showed promising 
results. However, most of these studies were focused on its therapeutic effects or 
mechanisms. Very few reports pay attention to factors applied in the clinic, such as 
injection or exposure routes, which has high impact on stem cell therapeutic effi-
ciency for IBD (Kean et al. 2013). In our group, we have performed cases of stem 
cell transplantation for IBD patients in clinic, which got satisfactory result. We are 
seeking for the best way of stem cell injection as well. So animal experiment was 
done for this issue (Liang and Wu, Unpublished data).

Three different MSC delivery routes, intraperitoneal injection (IP), intravenous 
injection (IV), and anal injection (AI), were compared on DSS-induced colitis 
mouse model. Disease recovery was evaluated by histological server score, gross 
body weight, and survival rate. MSC organ distribution and engraftment were ana-
lyzed and quantified by GFP+ MSCs as well as near-infrared fluorescence imag-
ing. The levels of immunomodulatory cytokines were compared by RT-PCR and 
ELISA. Our findings suggested that IP delivery showed higher MSCs and better 
experimental colitis recovery might be an ideal way for MSC therapy in IBD. Our 
data showed after 5 days of DSS induction, all the subject mice showed strong 
positive test of fecal occult blood. These mice were then randomized into 3 groups 
receiving different MSCs giving therapies. The three groups can decrease the mor-
tality rate compared with PBS control; however, the IP injection showed the high-
est survival rate of 87.5 % (p = 0.0021 vs. control patient). Meanwhile, the body 
weight changes displayed the less weight loss and quick weight gain of IP injec-
tion group and the maximum group difference among was reached on day 3. The 
fecal occult blood test on the day 3 also showed nearly complete absence of occult 
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blood in IP group. Further experiment showed that IP route promotes more MSC 
migration to inflamed colon. The number of therapeutic cells that can migrate and 
colonize at the injury site is a decisive prerequisite for the success of cytotherapy. 
In order to compare the difference of MSC colonization among the three delivery 
routes, a nontoxic NIR tracer DiR was introduced to label MSCs. DiR labeling 
showed no harm to the MSC viability. DiR-labeled cells were injected by three 
different ways, and DiR dye only was used as negative control. Twenty-four hour 
after injection, MSC distribution was analyzed. The DiR dye alone showed no sig-
nificant different distribution among the organs. Furthermore, DiR dye showed a 
quick clearance, and since 24 h later, the intensity of dye was 100-fold less than 
the DiR-labeled cells (from the bar value 107 vs. 109). The quick clearance guar-
antees the less interference from the background signal that coming from free 
dye. The DiR-labeled cell showed very different cell distribution. In IV group, 
most of the MSCs were trapped in the lung, liver, and spleen, while the cell that 
immigrated to the colon was not too much. On the contrary, the IP and AI groups 
showed more engraftment cells at the inflamed colon but showed fewer trapped 
cells in lung, liver, and spleen (Fig. 18.1). In quantification study, the intensity 
of engrafted cells in IP and AI groups was significantly higher than the IV group 
(p = 0.004, p = 0.0012). Furthermore, the corresponding mesentery lymph nodes 
(MLNs) also showed relatively high MSC existence. To further confirm the MSC 
migration and engraftment, GFP+ MSCs (collected from transgenic mice) were 
introduced and injected at the same experimental conditions. In consistent with 
above NIR fluorescence imaging, the GFP+ MSCs could be found at inflamed 
colon in both IP and AI groups 24 h after MSC injection. Interestingly, in some 
IP injection mice, numerous GFP+ cells were observed in the epithelium of the 
inflamed colon. In contrast, GFP+ cells were showed in the lumen for AI group 
and lamina propria for IV group (Fig. 18.2) and the IV group preserved fewer cell 
number. In addition, from the point of cell morphological appearance, most of the 
MSCs kept intact in IP group, while in AI route, other than active MSCs, cell frag-
ments and debris were also identified in the lumen (Fig. 18.2).

Fig. 18.1  MSC delivery routes were compared on DSS-induced colitis mouse model
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18.16  Perspectives

Stem cell transplantation for the treatment of IBD provides a potential and effec-
tive way nowadays. Both HSCs and MSCs have obtained satisfactory results. 
Existing studies are encouraging but inclusive, and more open questions have been 
awaiting for answers. Just name a few, (1) Stem cell transplantation has been car-
ried out clinically most in phase I and II studies. Confirmative results from phase 
III studies and multiple center RCTs are appealing to evaluate the effective and 
side effects of stem cell transplantation for IBD. (2) The follow-up time for most 
studies is not too long and some studies showed relapse for the diseases. Thus, 

Fig. 18.2  NIR fluorescence imaging
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long-term follow-up might be needed to address this issue. (3) For the relapse 
of disease, how many times can the patients get stem cell transplantation for the 
treatment. And how often for the routine treatment? (4) HSCs or MSCs, which 
is better? Or at certain ratio for both HSCs and MSCs would achieve best effect? 
(5) For the infusion way, systemic or local injection, as our animal experiment 
might have possible suggestion. But it might need clinical approval for the guid-
ance of clinical use. The last but not the least, the possible issue of carcinogenic 
has got some attention recently. In particular, more requests have been carried out 
in China Science and Technology Division. More standardized studies have been 
carried out for it. The data from future studies might cause a revolution in the IBD 
treatment and have great effect on the IBD patients.
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Abstract Optic nerve neuropathy, such as traumatic optic nerve injury (TONI) 
and glaucoma, is among the leading cause of incurable vision loss across the 
world. What is worse, neither pharmacological nor surgical interventions are sig-
nificantly effective in reversing or halting the progress. Advances in cell biology 
offer some hope for the victims of optic nerve damage and subsequent partial or 
complete visual loss. Retinal ganglion cells (RGCs) travel through optic nerve 
and carry all visual signals to the brain. After injury, RGCs’ axons usually fail 
to regrow and usually die, leading to irreversible loss of vision. Various kinds of 
cells and factors possess the abilities that are supportive in the progress of axon 
regeneration for RGC. This article summarizes the latest advances in RGCs 
regeneration.

Keywords Stem cell · Therapy · Optic nerve neuropathy

19.1  Introduction

Optic neuropathies, including glaucoma, are characterized by progressive degen-
eration of retinal ganglion cells (RGCs). This characteristic process makes this 
group of diseases suitable candidates for cellular therapy. Stem cell-based treat-
ment had become a promising frontier for treating neurodegenerative diseases, 
thus making it a potential therapeutic approach for optic neuropathies as well.
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Retinal ganglion cells (RGCs) start from ganglion cell layer in the retina. 
After traveling through the lamina cribrosa, their axons join together to form the 
optic nerve (Fig. 19.1), which extends within the optic canal and ends at the lat-
eral geniculate body. RGC axons are unmyelinated while traveling through nerve 
fiber layer of the retina and lamina cribrosa but gain a myelin sheath after crossing 
the lamina cribrosa. Like neurons in the central nervous system, RGCs’ axons are 
myelinated by oligodendrocytes, not Schwann cells. After translated by rods and 
cones, light signals are passed to bipolar cells, which then deliver the signals to 
RGCs. Later, RGCs send these signals to the brain for further processing (Moore 
and Goldberg 2010) (Fig. 19.1).

Various kinds of neuropathies result from the injury to the RGCs. Traumatic 
optic nerve injury (TONI) results in the decrease of the number of RGCs or loss 
of their axons. RGC damage has devastating consequences for the victim, result-
ing in partial or permanent vision loss. Clinical procedures like optic canal 
decompression therapy have received minimal success in rescuing these unlucky 
patients. A study (Jin et al. 2009) summarizing the therapeutic effect of optic canal 
decompression therapy for TONI patients included 670 cases (683 eyes). All of 
these patients received operation 7 h to 90 days (291 eyes within 3d, 222 eyes in 
3–7d, and 170 eyes after 7d) after injury. However, only 62 % of these victims had 
minimal eye function improvement after 3 months to 2 years, while 38 % had no 
improvement. Regeneration failure of RGCs could be considered to play a key role 
with such visual outcomes.

Other optic neuropathies are also related to injuries to RGCs. Glaucoma is a 
group of chronic eye diseases that irreversibly damages RGCs and result in seri-
ous vision loss and blindness. After cataract, it is the second-leading cause of 
blindness worldwide and is one of the leading causes of preventable blindness 
(Quigley and Broman 2006). Globally, an estimated 60.5 million people (2.65 % 
of the global population over 40) suffered from glaucoma in 2010. Direct cost 
estimates for the approximately 2 million US citizens (Rein et al. 2006) and 300, 
000 Australian citizens (Taylor et al. 2006) with glaucoma are $2.9 billion and 
AUS$144.2 million, respectively. However, these figures underestimate the true 
societal costs if all were to be treated, since about half of patients with glaucoma 
are unaware of their disease and is therefore referred to as the “silent thief of 
sight” (Varma et al. 2004; de Voogd et al. 2005).

Why does damage to the optic nerve and glaucoma can cause so much damage? 
The answer lies in RGC’s incapability of regeneration after injury. Under normal 
conditions, mature RGCs of mammalian eyes fail to extend axons through the site 
of optic nerve injury. Due to a signal from amacrine cells (Fig. 19.1), RGC gradu-
ally lose its intrinsic growth ability, which plays an important part (Goldberg et al. 
2002). However, this phenomenon can be reversed. In 1911, scientists discovered 
that RGCs can extend axons in a short distance if provided with proper substrates 
(Tello 1911). DeFelipe and Jones (1991) described it as “groundbreaking.” After 
this, evidences continued to emerge supporting the view that RGCs’ axons can 
regenerate under certain environments that were provided artificially.
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Fig. 19.1  Simplified structure of the eye and retina (close to the lamina cribrosa). After trans-
lated by rods and cones, light signals are passed to bipolar cells, which then deliver the signals to 
RGCs. Later, RGCs will send these signals to the brain for further progress
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19.2  Animal Models

19.2.1  Optic Nerve Injury

Traumatic optic injury can be classified based on the anterior or posterior location 
of injury. Optic nerve head is where anterior injuries occur. Its avulsion results in 
intraocular hemorrhage and disruption of the optic nerve head anatomy. Posterior 
injuries mainly affect the foramina of the optic canal, the optic canal, and under 
the falciform dural fold at the edge of the optic canal that drapes the edge of the 
anterior clinoid process (Walsh 1966). The process of contusion necrosis that 
results from shearing injury to the axons and microvasculature is thought to be 
the basis for both kinds of injury (Walsh 1966). In order to study the regenera-
tion process of the RGCs, we need to establish a convincing animal model. Having 
reviewed related articles, the following models can be found in the literature.

The optic nerve crush (ONC) injury model has the highest resemblance to the 
conditions which trauma exerts on the optic nerve. Thus, it is a widely used exper-
imental model for TONI (Maeda et al. 2004; Monnier et al. 2011; Schnichels et al. 
2011; Sarikcioglu et al. 2007). In this model, rats are usually anaesthetized and 
placed under the microscope. The conjunctiva is then incised laterally to the cor-
nea. After this, the retractor bulbi muscle is separated, exposing the optic nerve, 
which is clipped 2 mm posterior to the globe for 20 s (Sarikcioglu et al. 2007), 
30 s (Huang et al. 2011), or 60 s (Zhang et al. 2011) according to different meth-
ods used by researchers. The other eye (or the same eye of other rats) usually 
receives a sham operation with optic nerve exposure, but without the crush.

Besides the ONC model, another widely used injury model is called the optic 
nerve transection or axotomy model (Koeberle et al. 2010; Levkovitch-Verbin et al. 
2010; Charalambous et al. 2008). The surgical procedures are similar to the ONC 
model, except for the treatment of the optic nerve. In this model, the optic nerve is 
transected partially or completely instead of crushed. It provides a suitable site for 
injecting solutions with specific cells, factors, etc. So, research concerning cell trans-
plantation (Charalambous et al. 2008) at the site of injury usually favors this model.

Chinese investigators have developed a novel model using fluid percussion 
brain injury device (FPI) that can increase the fidelity of the force hitting the optic 
nerve (Ronggu et al. 2010; Yingjuan et al. 2010), which may produce a more 
standardized hierarchical model for the study of optic nerve injuries in the future.

19.2.2  Glaucoma

Elevated intraocular pressure (IOP) is one of the major risk factors of glaucoma 
and has been associated with the damage of RGCs. Thus, the main task of simu-
lating glaucoma in animal eyes is maintaining a continuous elevation of IOP. The 
delicate balance between secretion and drainage of aqueous humor is one of the 
major ways by which IOP is regulated. Thus, if we can simulate production or 
block drainage of aqueous humor, a glaucomatous model eye would be created.
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Among the existing methods, laser photocoagulation of the veins that carry 
the outflow of aqueous humor is the method favored by most scientists. Taking 
Purushottam Jha’s research (Jha et al. 2011; Chiu et al. 2007) for example, the 
limbal vein and three episcleral veins are photocoagulated with an Argon laser. 
Approximately 80 laser spots around the limbal vein and 15 on each episcleral 
vein are applied. Another laser treatment of the same pattern is applied 7 days 
later to ensure continuous elevation of IOP. IOP can be measured with a TonoLab 
tonometer before and after the first laser treatment.

19.3  Signs of Optic Nerve Regeneration

In order to evaluate the effect of existing therapies for optic nerve damage, scien-
tists have developed numerous methods. One of the most commonly used methods 
of identifying RGCs is the utilization of neuronal tracers. Fluorogold (FG) is the 
tracer favored by most laboratories (Ma et al. 2010; Xie et al. 2010; Ahmed et al. 
2011) because of its high specificity (Salinas-Navarro et al. 2009). FG is usually 
delivered into superior colliculus region. By this technique, the surviving RGCs 
that still connect the retina and SC are enhanced. After counting the FG+ cells in 
the retina, researchers can compare the number of RGCs that have survived, ena-
bling assessment of therapeutic effects. Beside FG, members of the Brn3 family 
can also serve as tracers of RGCs. Brn3b is being used to identify RGCs in various 
kinds of animals, such as mice (Buckingham et al. 2008) and rats (Bernstein et al. 
2006). Brn3a has also been proved useful by Nadal-Nicola et al. (2009), Sánchez-
Migallón et al. 2011) compared to that of the FG neuronal tracer. Besides, Brn3a’s 
distribution is more sensitive to injury than FG and may replace FG in the future.

Immunodetection of specific proteins is also a common method for the identi-
fication of cells. Bex 1/2 is expressed in not only the cell body of the RGCs, but 
also in its axons. Thus, immunodetection of Bex 1/2 is an appropriate way for the 
study of RGC’s morphologic changes related to the injury (Bernstein et al. 2006). 
Growth-associated protein 43 (GAP-43), a plasticity protein expressed highly dur-
ing axon regeneration, is also favored by scientists who focus on the regeneration 
of RGC axons (Charalambous et al. 2008; Su et al. 2009).

There are still others who prefer transgenic approaches. Feng et al. (2000) and 
Raymond et al. (2009) have been successful in identifying RGCs, but the utiliza-
tion of this technology in rats is still in its infant state.

19.4  Obstacles for Optic Nerve Regeneration

The RGCs possess features that resemble other CNS neurons, and thus, its regen-
eration failure may share the same inhibitory factors. The Nogo receptor (NgR) 
is a widely accepted neuron regeneration inhibitor receptor in the central nervous 
system (CNS) (Fournier et al. 2001). The Nogo gene has three isoforms: Nogo-A, 
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Nogo-B, and Nogo-C (Chen et al. 2000; GrandPre et al. 2000; Prinjha et al. 2000). 
NgR belongs to a family of three CNS-enriched glycosyl phosphatidylinositol-
linked proteins (Barton et al. 2003; Lauren et al. 2003; Pignot et al. 2003). Three 
myelin proteins, NogoA (or Nogo66) (Chen et al. 2000; GrandPre et al. 2000), 
myelin-associated glycoprotein (MAG) (McKerracher et al. 1994; Mukhopadhyay 
et al. 1994), and oligodendrocyte-myelin glycoprotein (OMgp) (Wang et al. 2002), 
inhibit axon growth partly through NgR. Antagonizing NgR with function-block-
ing antibodies (Domeniconi et al. 2002; Li et al. 2004) has been reported to sup-
port that NgR is related to Nogo66, MAG, and Omgp inhibition. As for RGCs, 
blocking NgR is also effective for alleviating axon-regenerating inhibition. Using 
the ONC model, Su et al. (2009) checked GAP-43 expression in NgR knockout 
mice, discovering that their axon regeneration is more active than the control 
group. Their discovery has provided evidences that NgR plays an important role in 
inhibiting axonal regeneration of RGCs.

However, counteracting NgR alone has received little success in promoting 
RGC regeneration. Cui et al. (2004) found that application of IN-1, a NgR block-
ing antibody, alone failed to enhance regeneration of transected RGC axons in 
a peripheral nerve graft. IN-1 also failed to significantly promote crushed RGC 
axons to regrow into the distal part of the optic nerve (Cui et al. 2004). However, 
in their later studies, a combined application of IN-1 and ciliary neurotrophic fac-
tor (CNTF) had a synergistic effect that significantly enhanced RGC regeneration. 
This suggests that counteracting NgR, or maybe new receptors discovered in the 
future, will be more effective when combined with other factors such as CNTF.

19.5  Optic Nerve Regeneration Is Possible

Lower vertebrate species such as teleost fish possess the capability to regenerate 
new RGCs following surgical lesions even in their adulthood (Hitchcock et al. 
2004; Raymond et al. 2006). The source of this regeneration are the glial cells, 
which are mitotically quiescent in normal state. After damaging RGCs, the glial 
cells reenter cell cycle and then de-differentiate to a phenotype with progenitor 
features (Raymond et al. 2006; Fausett and Goldman 2006; Fimbel et al. 2007; 
Kassen et al. 2007; Vihtelic et al. 2006). Mammalian glial cells, on the contrast, do 
not re-enter cell cycle after the retina is damaged (Chang et al. 2007; Close et al. 
2006; Dyer and Cepko 2000; Zhao et al. 2005). Some scientists have tried growth 
factors on the damaged retina and detected traces of neurons such as bipolar cells 
and photoreceptors on some of the glial cells (Close et al. 2006; Ooto et al. 2004; 
Osakada et al. 2007; Wan et al. 2007, 2008). However, these traces are only cyto-
plasmic markers, not observed under confocal microscopic analysis. Similar stud-
ies of neurogenesis in other parts of the nervous system have caused disputes 
when more thorough studies were published (Dayer et al. 2005). As a result of 
this, scientists have turned to neuronal replacement.
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19.5.1  Stem Cells as a Source for Transplantation

Stem cell transplantation is clinically attractive because it possesses the potential 
ability to halt or even cure degenerative and progressive conditions that are incura-
ble such as glaucoma and TONI, respectively. Two concepts are playing dominant 
roles in the field of stem cell transplantation therapies: replacing malfunctioned 
RGCs (Minamino et al. 2005; Ramirez-Castillejo et al. 2006; Tropepe et al. 2000; 
Klassen et al. 2007; Mellough et al. 2004; Kinouchi et al. 2003) and implanting 
neurotrophic factor-associated cells (Charalambous et al. 2008; Wu et al. 2010; 
Zhao et al. 2011) to promote axon regeneration. Several reasons contribute to stem 
cells having received so much attention. They are described as follows.

The most significant potential of stem cells is their ability to generate many 
types of cells and to enhance tissue regeneration. Thus, stem cells may provide 
therapeutic hope through replacement of malfunctioned RGCs and promoting 
RGC’s axon regeneration (Quigley and Iglesia 2004; Limb et al. 2006; Young 
2005; Bull and Martin 2007; Bull and Martin 2009; Dahlmann-Noor et al. 2010). 
Moreover, some types of stem cells are capable of halting disease progression 
and enhancing survival of tissue. Ideally, RGC neuroprotection therapy would 
serve as adjuvants for currently used ocular hypotensive therapies and optic 
canal decompression surgeries (Dahlmann-Noor et al. 2010; Bull et al. 2008a). 
Neuroprotective approaches may be clinically utilized before cell replacement 
therapies, owing to far harsher requirements for the latter. However, if achieved, 
RGC replacement would be capable of restoring vision functionally, while neuro-
protection might only preserve the remaining vision. However, clinical guideline 
development must carefully take type of cell, cell modification, and site for deliv-
ering into consideration. Of all the three considerations, route of delivery is the 
main topic.

19.5.2  Sites that Are Closely Related to RGC’s Cell Body

Considering the structure of RGCs, there are four possible sites for cell transplan-
tation: the vitreous, subretinal space, site of injury (in the optic canal), and supe-
rior colliculus region.

The vitreous is a suitable immune privilege site for cell transplantation due to 
the simplicity of delivery. Besides, the RGC layer lies close to the surface of the 
vitreous. Thus, if transplanted near the retina, stem cells may differentiate into 
RGCs that can grow into the retina and replace the injured RGCs. Some success 
has been reached with this concept. Stem cell-derived structures transplanted into 
the vitreous cavity of mouse eyes depleted of RGCs by NMDA injection spread 
on the inner retina and frequently differentiate into cells expressing RGC mark-
ers (Aoki et al. 2008). Similar results have also been reached using induced pluri-
potent stem cells (Parameswaran et al. 2010). Johnson et al. (2010) transplanted 
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mesenchymal stem cell into the vitreous. The cells survived for up to 5 weeks and 
even migrated into the RGC layer of host retina.

Another cell transplantation target is the retina. If transplanted cells can differ-
entiate into RGCs, extend their axons and then can establish functional connec-
tions with lateral geniculate body. Neuropathies affecting RGCs of any type can 
be cured including TONI. First, numerous animal experiments have supported 
that transplanted retinal progenitor or stem cells can migrate extensively in the 
retina, differentiate into neurons, elaborate the axons that reach plexiform layer, 
even lamina cribrosa (Young et al. 2000; Nishida et al. 2000; Klassen et al. 2004; 
Wojciechowski et al. 2002a, b). Second, to overcome barriers that still stand ahead 
before RGCs’ axons reach lateral geniculate body, researchers have employed 
peripheral nerve grafts to break through areas of inhibition. When the sciatic nerve 
grafts are placed between optic nerve stump and various distant visual centers, 
ganglions can extend their axons and reconnect with these centers functionally 
(Thanos et al. 1997; Cheng et al. 1996; Carter et al. 1989; Keirstead et al. 1989). 
Thus, the combination of these two procedures may successfully realize the con-
cept of mending or even replacing the malfunctioned RGCs.

As for glaucoma, graft location has been a hot topic among researchers. Some 
studies suggested that subretinally transplanted cells enjoy a more immune-priv-
ileged circumstance than those in vitreous cavity (Banin et al. 2006). Subretinal 
transplantation also ensures that transplanted cells are in close proximity to the ret-
ina. However, intravitreal introduction also holds its own advantages. For instance, 
it theoretically provides access to the inner retina for the grafted cells. Intravitreal 
transplantation is also less invasive for the reason that subretinal transplants may 
cause retinal detachment.

However, either of the two graft locations cannot escape potential barriers that 
still stand before us, like the integration of grafted cells. Future research is needed 
to clarify which location is more suitable for clinical utilization.

19.5.3  Sites that Are Closely Related to the RGC’s Axons

For the reason that cells can be easily delivered while performing surgery, the site 
of injury is the mostly favored site for cell transplantation regarding optic nerve 
injury. If provided a “comfortable” circumstance, such as extrinsic neurotrophic 
factors, damaged RGCs’ axons may recover with its own strength. Among the 
candidates that are capable of doing so, the following cells are in the lime light 
recently: stem or progenitor cells (Levkovitch-Verbin et al. 2010; Charalambous 
et al. 2008; Zhao et al. 2011), bone marrow mononuclear cells (Zaverucha-
do-Valle et al. 2011) and olfactory ensheathing cells (OECs) (Wu et al. 2010). 
Chicken neural tube-derived stem cells (NTSCs) developed by Charalambous 
et al. (2008) seem to have a significant effect in stimulating RGC axon growth 
after optic nerve axotomy by expressing neurite growth-promoting factors like 
β-crystalline, γ-crystallin, and CNTF. Using GAP-43, they discovered that 
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transected RGC axons could transcend the region of surgery and elongate within 
the ON distal to the site of injury. They also confirmed that RGCs even reach 
mid-brain region 6–8 weeks after implantation with FG. Beside stem cells, other 
cell types such as OECs seem to perform their effect in similar way. OEC is a 
kind of macroglial cells situated in the nasal olfactory mucosa and olfactory bulb. 
Researchers have confirmed its capability of secreting neurotrophic factors such as 
nerve growth factor (Roskams et al. 1996), BDNF (Lipson et al. 2003; Woodhall 
et al. 2001), and neurotrophin 4/5 (Boruch et al. 2001). OEC has also been proved 
to promote axon regeneration of RGCs (Ramon-Cueto et al. 1998; Li et al. 2003) 
and delayed the death of axotomized RGCs (Wu et al. 2010) through the secretion 
of BDNF.

While scientists have achieved significant successes about RGCs’ axon regen-
eration after optic nerve injury, the situation of glaucoma is somewhat lagging 
behind. Optic nerve injury mainly damages a short length of RGCs’ axons, while 
patients who suffer from glaucoma, especially severe glaucoma, usually lose a 
considerable amount of RGCs. In other words, RGCs need to be repaired in optic 
nerve injury but replaced in glaucoma. Because RGCs’ cell body is located in the 
retina, researchers are mainly considering transplanting RGC precursors or stem 
cells in or under the retina in the hope of replacing dead RGCs. Some evidence 
of integration into the inner retina (Bull et al. 2008b) or migration of engrafted 
stem cells (Young et al. 2000; Mellough et al. 2007; Guo et al. 2003) in the retina 
have been reported. Axon connections that extend through the lamina cribrosa and 
to the brain have not yet been observed. However, incremental advances on the 
differentiation of stem cells to RGCs and retinal transplant integration continue 
to emerge. We believe that eventually successful methods will converge to com-
pletely replace dead RGCs (both cell body and axons) and grant glaucoma patient 
a chance of restoring sight.

There are still other possible sites that have not received much attention. For 
example, the superior colliculus region contains the endings of RGCs. Considering 
the case of how retrograde staining of FG is applied (described above), cells trans-
planted in this region may provide a constant supply of neurotrophic factors that 
can be delivered to the site of injury, enhancing the regeneration and survival of 
RGCs.

19.6  Achievements by Stem Cell Transplantation

The therapeutic potential of different types of stem cells for treating retinal and 
optic nerve diseases has already been investigated. (Bull and Martin 2009; Bull 
et al. 2008b) Most studies confirmed that the adult retina has limited levels of 
graft–host integration, whereas only few studies demonstrated successful integra-
tion of stem cells to the retina. MacLaren et al. (2006) showed that adult degener-
ating mammalian retinas can effectively incorporate rod photoreceptor precursor 
cells into the outer nuclear layer and that these cells form functional synaptic 
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connections and even contribute to visual function. Those authors found that the 
success of this treatment depends mainly on the optimal ontogenetic stage of the 
donor cells. Qiu et al. (2005) were able to enhance photoreceptor cell differentia-
tion and integration of retinal progenitor cells after subretinal transplantation into 
retinal degenerate rats by optimization of isolation, expansion, and transplantation 
procedures. Arnold et al. (2007) found that mesenchymal stem cells can prolong 
photoreceptor survival in the rhodopsin knockout mouse, also providing evidence 
of a therapeutic benefit in retinitis pigmentosa. The situation was not better for 
inner retinal diseases. Previous reports found that the inner retina, especially the 
inner limiting membrane, obstructs the integration of intravitreally injected cells 
into the retina. Bull et al. (2008a) observed minimal retinal integration (1 % of 
cells) when MIO-M1 stem cells or oligodendrocytes precursor cells (OPCs) were 
transplanted. Bull et al. (2008b) found that the Müller stem cell line MIO-M1 in 
glaucomatous eyes produced cells that expressed neuronal and glial cell markers 
but that the retina was relatively resistant to transplant integration and long-term 
xenograft survival was limited. Interestingly, local modulation of the retinal envi-
ronment enhanced the integration of MIO-M1 cells into the glaucomatous retina 
(Bull et al. 2008b). On the other hand, when OPCs were used, a significant neu-
roprotective effect was achieved. This effect did not appear to be contact mediated 
or to be conferred by the myelination of naked axons; rather, it was most likely 
due to the release of diffusible neurotrophic factors by activated OPCs (Bull et al. 
2009). All these data suggest that it may be more advantageous to use stem cells 
as vectors that secrete and deliver neurotrophic factors. At the same time, efforts 
should be expended to find ways to improve the integration of stem cells in the 
RGC layer, to facilitate their differentiation into RGCs, and to induce axonal 
sprouting to form neuronal connections within the retina and to the brain.

19.7  Future Perspectives

Not long ago, the idea that optic nerves are able to regenerate after injury was 
untenable. Nowadays, however, most researchers are focusing on how to improve 
its regeneration. The regeneration of the RGCs has received much attention since 
the discovery of regenerative potentiality of CNS neurons. Either blocking the 
inhibitory receptors or providing neuroprotective agents through various means 
has achieved much success in the laboratory. But there are still barriers and chal-
lenges before these procedures are utilized clinically. Effective cells and factors 
are put into place almost immediately after RGCs are injured in the laboratory. In 
the case of TONI and glaucoma, patients hardly have the chance of getting these 
treatments immediately or even in time. There is one study that does exist where 
neuroprotectants were administered 18 h after retinal ischemia and found to be 
effective (Chiang and Lam 2000). But the pattern in which RGCs are damaged is 
different from TONI and glaucoma. In a word, much is done and much remains to 
be done.
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Abstract Stem cells are characterized by self-renewal and pluripotency to 
become any cells in tissues/organs including the central nervous system (CNS), 
where they may differentiate to neurons and glial cells. The identification and 
characterization of stem cells have attracted great interest in their potential for 
treating of various diseases of different organs, as well as the CNS. The spinal 
cord, as a part of CNS, carries a tight bundle of neural cells and nerve pathways 
that connect the brain and the peripheral nervous system. Spinal cord injuries 
(SCI) usually begin with a sudden, mechanical trauma which results in devastat-
ing and irreversible consequences including stop of the nerve signaling and seri-
ous damage of axons and neural cell membranes beyond repair. The application 
of stem cells to CNS regeneration is very promising. Results from SCI models 
showed that transplantation of stem cells or progenitors may support spinal cord 
repair through the replacement of lost neural cells and the attenuation of glio-
sis around the rostral and dorsal terminals by the differentiated cells from the 
implanted stem cells. Axon regeneration-promoting and neuroprotective effects 
have also been credited to the transplanted stem cells. There are still issues related 
to stem cell transplantation that need to be resolved, including bioscaffold and 
ethical concerns. This chapter summarizes the latest research progress and appli-
cation strategies of stem cells for SCI with the aim to push the medicine transla-
tion of stem cell application for spinal cord regeneration and implies the promising 
future of stem cells in SCI treatment.
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20.1  Introduction

The spinal cord is a highly evolved and the least complex compartment of the 
central nervous system (CNS) with the cell bodies and dendrites of spinal neu-
rons inside the cord and axons along the outside. It has considerable computa-
tional ability. All movements of the body below the head are controlled by the 
spinal cord, and injuries to it produce devastating losses of sensory, motor, and 
autonomic function distal to the level of trauma, arising from both the damage 
to the local circuitry of the spinal cord and the disruption of the ascending and 
descending fiber tracts. Since that, the spinal cord injury (SCI) is a devastating 
condition producing great personal and societal costs. Epidemiological informa-
tion indicates that the global incidence of SCI is 15–40 cases per million people 
annually (Menezes et al. 1996; Tator 1995; Ackery et al. 2004). A newly calcu-
lated national incidence rate reported for Canada was 35 per million per year in 
2006 (Rick Hansen Spinal Cord Injury Registry 2006) and an extrapolated value 
of 52.3 in 2010 (Farry and Baxter 2010). The estimated incidence in USA, not 
including those who die at the scene of the accident, is approximately 40 cases 
per million (National Spinal Cord Injury Statistical Center and Others 2014). 
Acute SCI affects 12,000 individuals annually in USA alone, 4000 of which die 
before reaching hospital, and another 1000 die during their hospitalization. A epi-
demiological research by Lee et al. (Lee et al. 2014) reported that the extrapo-
lated regional data indicate the incidence rate is 25 per million in Central Asia and 
21 per million South Asia. Li et al. (2011) and Ning et al. (2011) provided recent 
regional incidence data for mainland China (60.6 per million population per year 
in Beijing and 23.7 in Tianjin province). About 16 % SCI patients have to live 
with lifelong tetraplegia which is caused by high-level SCI (National Spinal Cord 
Injury Statistical Center and Others 2014). Current treatment includes surgery to 
decompress and stabilize the injury, prevention of secondary complications, man-
agement of any that do occur, and rehabilitation. Although these treatments and 
advances in the medical and surgical care of SCI ameliorated neurological func-
tions, there is still no effective treatment for the neurological deficits of SCI (Tator 
2006). Neurological recovery is limited, and most SCI patients still face substan-
tial neurological dysfunction and lifelong disability. With the advances in the stem 
cell research, stem cell therapy is becoming a potential treatment for SCI because 
of their fundamental properties: high proliferative potential, self-renewal, and the 
ability to differentiate into multiple cell types. So far, a variety of different stem 
cell types, including embryonic stem cells, neural stem cell, and stem cells from 
non-neural tissues such as bone marrow stem cells, have been evaluated in ani-
mal models and humans after SCI, with the goal of promoting repair and recov-
ery from the injury. The strategies for spinal cord repair using stem cell include 
replacement of damaged neuronal and glial cells, secretion of trophic factors, reg-
ulation of gliosis and scar formation, remyelination of spared axons, enhancement 
of axon elongation, restoration of neuronal circuitry, production of trophic factors, 
anti-inflammatory cytokines, and other molecules to promote tissue sparing and 
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neovascularization, and a permissive environment for plasticity and axonal regen-
eration. In order to select the best time-point for therapeutic cell transplantation, 
an understanding of the timeline of secondary damage cascades is important (Su 
et al. 2011). The inflammatory response, glial cell activation, and the inhibitory 
microenvironment that exists in the acute phase after trauma largely act as a nega-
tive obstruction to any form of cellular therapy. On the other hand, the patholog-
ical alterations of the lesion site in a chronic patient may not be reversible due 
to the formation of a glial scar, the permanent demyelination/dysmyelination of 
spared axons, and the apoptosis of spared neurons. Therefore, the optimal trans-
plantation time-window most probably lies in the subacute phase.

This chapter summarizes the latest research progress and application strategies 
of stem cells for SCI with the aim to push the medicine translation of stem cell 
application for spinal cord regeneration and implies the promising future of stem 
cells in SCI treatment.

20.2  Candidates of Stem Cells for Therapies in SCI

20.2.1  Endogenous Stem Cells in Central Canal Region

The region surrounding the central canal of the spinal cord is developed from 
the neural tube and retains a substantial degree of plasticity. The central canal 
region comprises several cell types, including ependymocytes, tanycytes [also 
referred to as radial ependymocytes (Seitz et al. 1981)], and neuronal-like cells 
that are located either in direct contact with the lumen or in subependymal posi-
tion. The ependymocytes are the primary cell type found around the central canal. 
Numerous tanycytes are found lateral sides along the entire central canal region 
(Seitz et al. 1981), where they radiate from the ependyma into the gray matter that 
surrounds the central canal and send a long basal process terminating as foot pro-
cesses in association with blood vessels (Horstmann 1954; Rafols and Goshgarian 
1985). The cell body of tanycyte is located in either subependymal or ependymal 
region, but the process is in contact with the lumen (Rafols and Goshgarian 1985; 
Meletis et al. 2008), implying a potential link between the cerebral spinal fluid 
and blood. The neuronal-like cells in the central canal region are very common 
and well-described in lower vertebrates and mammals (Vigh et al. 2004; Hugnot 
and Franzen 2011). They are found sporadically distributed around the canal with 
a soma in an ependymal or subependymal position and a single thick dendritic-
like process terminating by a large bulge in the lumen (Sabourin et al. 2009). 
These cells maintain some degree of immaturity through the adult because they 
still express PSA-NCAM, Dcx, and GAP43 (Sabourin et al. 2009; Marichal et al. 
2009; Seki and Arai 1993; Stoeckel et al. 2003) that are involved in plasticity and 
migration. These cells are found to be produced from embryogenesis but not adult 
spinal cord neurogenesis (Marichal et al. 2009). The fact that these cell types 
are localized at specific locations and express characteristic markers involved in 
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migration and neuronal differentiation and show potentially different functions 
raises the possibility that the central canal region is a reservoir of cells with capa-
bility of neurogenesis in “standby mode.”

To identify the identity of the cell types in the central canal region, the GFAP-
GFP and FoxJ1-GFP transgenic animals were recruited in several research groups. 
In total, 0.2 % of GFP+ cells were able to generate neurospheres and most pri-
mary neurospheres derived from spinal cord of these transgenic animals contained 
GFAP+/GFP+ cells (Sabourin et al. 2009), suggesting that the central canal cells 
with astrocytic features have neural stem cell properties as observed in the SVZ. 
FoxJ1 expression is restricted to the central canal region (Meletis et al. 2008). The 
FoxJ1 positive cells from the FoxJ1-GFP transgenic mouse sorted by flow cyto-
metric isolation formed the neurospheres in vitro, which have the multipotential to 
differentiate into neurons, astrocytes, and oligodendrocytes (Meletis et al. 2008). 
All the data support the presence of stem cells in the central canal region.

It has been demonstrated that SCI activated the ependymal cells around the 
central canal to proliferate and generate progeny cells and recruited them to 
the injured site leaving behind an intact ependymal layer (Meletis et al. 2008; 
Barnabe-Heider et al. 2010). In rodents, SCI causes progenitor cell prolifera-
tion in both the white matter and the ependymal zone (Horky et al. 2006; Mothe 
and Tator 2005), but the main fate of endogenous stem cells after SCI is to dif-
ferentiate exclusively into oligodendrocytes and astrocytes (Meletis et al. 2008; 
Barnabe-Heider and Frisen 2008). The generation of oligodendrocytes contrib-
utes to remyelination and is likely to underlie some restoration of function. It is 
attractive to consider ways to facilitate this process. In contrast, the generation of 
astrocytes by endogenous stem/progenitor cells may contribute to glial scar forma-
tion that may potentially inhibit axonal growth. There is a need for a more focused 
approach to understand the molecular properties of adult endogenous stem/pro-
genitor cells in spinal cord and develop optimal strategies for modulating their 
response during SCI, such as the new techniques for directing their commitment 
toward specific fates according to the desired function (for example, oligodendro-
cytes for remyelination, or new neurons for cell replacement). Research is now 
focusing on the manipulation of ependymal cells to produce cells of the oligoden-
drocyte or neuronal lineage. Ohori et al. (2006) reported that genetic manipulation 
by overexpressing neurogenin-2 and Mash1 in the spinal cord stem cells, together 
with growth factor treatment, enhanced the production and maturation of new 
neurons and oligodendrocytes, respectively. These results demonstrate that modu-
lating the endogenous stem/progenitors may offer a potential therapy to replace 
neurons and oligodendrocytes lost to insults in the injured spinal cord.

20.2.2  Embryonic Stem Cells

Embryonic stem (ES) cells possess two properties that make them especially well 
suited for cell therapy. First, because embryonic stem cells are obtained from 
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inner cell mass of developing blastocyst embryos, they retain the flexibility to dif-
ferentiate into all three primary germ layers including more than 200 cell types 
that make up the human body (Evans and Kaufman 1981; Puri and Nagy 2012). 
Stem cells with such flexibility are described as “pluripotent,” to indicate their 
high potential to differentiate into a wide variety of cell types. The second fea-
ture is their ability to remain in an undifferentiated state and to divide indefinitely. 
The property of “self-renewal” implies that essentially unlimited numbers of the 
identical, well-defined, genetically and genomically characterized stem cells can 
be produced in culture for medical use. Human ES cells are typically obtained 
from preimplantation or blastocyst-stage embryos created during in vitro fertili-
zation procedures and can also be generated by somatic cell nuclear transfer or 
parthenogenetic activation of eggs. For the ES cells that will form teratomas in 
vivo after transplantation, ES cells must be predifferentiated prior to grafting. The 
rapid advances in understanding the signal or molecular cues involved in pro-
gramming differentiation of stem cells develop specific protocols to differentiate 
ES cells into various cell types, including neural precursors (Zhang et al. 2001; 
Tropepe et al. 2001; Reubinoff et al. 2001) and neuronal (Wichterle et al. 2002; Li 
et al. 2008; Wada et al. 2009) and glial lineages (Brustle et al. 1999; Nistor et al. 
2005). The refined subtypes of adult cells are being generated from ES cells, such 
as retinal cells (Lamba et al. 2006; Osakada et al. 2008), forebrain interneurons 
(Li et al. 2009; Watanabe et al. 2005), midbrain dopaminergic neurons (Kawasaki 
et al. 2000; Perrier et al. 2004), and cerebellar neurons (Tao et al. 2010; Erceg 
et al. 2010). Initial methods for differentiation of ES cells to motor neurons relied 
on two principal patterning signals—RA that induces neutralization and caudaliza-
tion of ESCs and sonic hedgehog (SHH) that directs ventralization of the spinal 
neural progenitor cells (Wichterle et al. 2002). Many protocols differentiating ES 
cells into motor neurons are based on the two molecules (Sabourin et al. 2009; Li 
et al. 2008; Wu et al. 2012; Wichterle and Peljto 2008; Soundararajan et al. 2007). 
The differentiation efficiency of motor neurons from ES cells has been increased 
to 50 % or more using modified methods (Wada et al. 2009; Wu et al. 2012). After 
transplantation into the injured spinal cord, the predifferentiated mouse ES cells 
survived and differentiated into astrocytes, oligodendrocytes, and neurons and 
migrated forward the lesion region, and more importantly, the animals showed 
partial functional recovery (McDonald et al. 1999). Studies showed that the predif-
ferentiated oligodendrocyte progenitor cells (OPCs) from ES cells remyelinated 
the spared axons and improved recovery when transplanted subacutely into the 
injured rat spinal cord (Keirstead et al. 2005; Sharp et al. 2010). Transplantation 
of the differentiated motor neurons from ES cells has been widely reported to be 
an efficient strategy in repair of SCI (Wichterle et al. 2002; Deshpande et al. 2006; 
Soundararajan et al. 2006; Chiba et al. 2003; Lopez-Gonzalez et al. 2009; Erceg 
et al. 2010). The differentiated motor neurons from ES cells promote functional 
recovery post-transplanted into a SCI model and improve significantly the elec-
trophysiological and motor assessments in addition to a structural regeneration of 
neuronal pathways. These motor neurons formed functional synapses with dener-
vated host muscle, which resulted in the ability to produce motor units between 
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grafted motor neuron and muscle, and even the denervation-associated muscle 
atrophy was significantly reduced (Deshpande et al. 2006; Yohn et al. 2008). These 
results demonstrate the capacity for ES cell-derived motor neurons not only to 
incorporate into the adult host spinal cord and target tissue, but also to form func-
tional motor units.

Based on promising preclinical data of human ES cell-derived OPCs trans-
plants in rodent SCI models (Keirstead et al. 2005; Sharp et al. 2010), the US 
Food and Drug Administration (FDA) approved the first human ES cell trial in 
2009. This phase I safety trial in SCI sponsored by Geron Corp. began in 2010 
after further preclinical safety data were obtained concerning abnormal cyst for-
mation in transplanted animals. Two million GRNOPC1 cell line (human ES cell-
derived OPCs) was directly transplanted into the spinal cord of five patients with 
complete thoracic SCI, and the patients were followed with immunosuppression 
for the first two months after transplantation. However, this program finally ter-
minated by Geron in 2011 because of funding challenges. No safety issues were 
reported in the five patients who received GRNOPC1 transplants, but complete 
results have not been published.

20.2.3  Mesenchymal Stem Cells

Mesenchymal stem cell (MSC) lineage is a kind of selfrenewing and multipotent 
stem cell, which was initially identified from the bone marrow (BM) (Prockop 
1997). It can differentiate into bone, cartilage, adipose tissue, liver, and neural tis-
sue (Dezawa et al. 2004). MSCs are widespread throughout a variety of tissues 
(Young et al. 1995), including bone marrow, Wharton’s jelly of the umbilical cord, 
adipose tissue, adult muscle, and the dental pulp of deciduous baby teeth. Bone 
marrow and umbilical cord are usually the rich sources of these cells. Most of the 
studies in SCI use MSC derived from bone marrow and adipose tissue, but it is 
also possible to get MSC from a perinatal source such as umbilical cord blood, 
umbilical cord matrix (Karahuseyinoglu et al. 2007; Wang et al. 2004), amniotic 
fluid (De Coppi et al. 2007), and placenta (Yen et al. 2005; Fukuchi et al. 2004). 
MSC therapy has attracted the attention of scientists and clinicians around the 
world for the reasons: (1) ease of isolation and cryopreservation, (2) maintenance 
of viability and regenerative capacity after cryopreservation, (3) rapid replication 
with high-quality progenitor cells and high potential of multi-lineage differenti-
ation, and (4) minimal or no immunoreactivity and graft versus host reaction of 
transplanted allogeneic MSCs.

MSCs from various tissues have been exploited in the effective treatment for 
many organic or functional diseases, including experimental autoimmune enceph-
alomyelitis, experimental brain ischemia, and in animals undergoing brain or SCI. 
Basic and preclinical experimental studies have highlighted the positive effects of 
MSC treatment after SCI. Bone marrow MSCs (BMSCs) become the most com-
mon non-neural cell types for transplantation in SCI. Many studies have examined 
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BMSCs in SCI rodents, with some showing improved locomotor recovery 
(Hofstetter et al. 2002; Himes et al. 2006). The BMSCs labeled with fluorescence 
or iron-oxide nanoparticles were tracked via fluorescence or magnetic resonance 
after transplantation into the spinal cord. Results indicated that some of these cells 
migrate toward injured site and express neuronal or astrocytic markers and the ani-
mals with SCI demonstrated functional recovery (Yano et al. 2005; Sykova and 
Jendelova 2005; Lee et al. 2003). The above studies all showed that a very small 
number of MSCs differentiated into neurons and most of them were destined to 
astrocytes. Therefore, neuronal differentiation is unlikely to be a major factor in 
functional recovery after BMSC replacement for SCI. Other mechanisms involved 
in recovery consist of neuroprotection, formation of a favorable environment for 
regeneration, expression of growth factors or cytokines, and vascular effects or 
remyelination. These mechanisms are not mutually exclusive, and it is likely that 
more than one contribute to functional recovery.

MSC extracted from adipose tissue is considered an attractive source of cells 
due to easiness of isolation, a large amount of cells per donor, and the fact that 
this tissue is usually discarded after liposuctions. In SCI models, treatment with 
these cells have resulted in cell survival, neuroprotection, attenuation of second-
ary damage, axonal regeneration, decrease of gliosis, angiogenesis, and enhanced 
functional recovery (Kang et al. 2006; Zhang et al. 2009; Oh et al. 2012). MSCs 
extracted from perinatal tissues also present a therapeutic potential in spite of 
less investigation in SCI treatment. The umbilical cord matrix, also known as 
Wharton’s jelly, contains a stem cell population that present some advantages in 
comparison with the other sources because they can proliferate more rapidly and 
extensively than adult MSC (Weiss et al. 2006; Troyer and Weiss 2008) and also 
because they are easily obtained after normal and cesarean births, with low risk 
of viral contamination. Other advantage is the possibility of using them for allo-
genic transplantation because they act by suppressing immune response and are, 
therefore, considered non-immunogenic cells (Weiss et al. 2008). Transplantation 
studies indicated that umbilical cord matrix-derived MSCs can survive and pro-
mote repair and recovery in the injured spinal cord, where they exert immunomod-
ulatory and trophic effects through secretion of glial-derived neurotrophic factor 
(GDNF), BDNF, and nerve growth factor (NGF) which are known as supporters of 
cell survival and regeneration (Yang et al. 2008; Hu et al. 2010). The MSCs from 
umbilical cord blood or amniotic fluid are also demonstrated to use for recovery 
of SCI after transplantation into spinal cord, where they not only differentiate into 
neural cells, but also downregulate the fas/caspase-3 pathway and increased lev-
els of anti-apoptotic proteins in neurons and oligodendrocytes (Dasari et al. 2007, 
2008; Wu et al. 2006; Sankar and Muthusamy 2003).

Cumulative evidences suggest the therapeutic effects of MSCs are likely due 
to their ability to differentiate into other cell lineages, modulate inflammatory and 
immunomodulatory responses, reduce cell apoptosis, secrete several neurotrophic 
factors, respond to tissue injury, and promote angiogenesis. There are a num-
ber of completed and currently ongoing SCI clinical trials involving autologous 
MSC transplantation. Despite these potential benefits, there are a small number 
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of patients treated with MSC transplants showing no adverse effects. Collectively, 
evidence suggests that MSC engraftment is far from being as good as those 
described in experimental studies. Therefore, there is an urgent need to seek for 
standardization of protocols in terms of source of cells, culture conditions, time of 
treatment after injury, and number and via of administration of cells.

20.2.4  Neural Stem/Progenitor Cells

Neural stem/progenitor cells (NSPCs) are found in both fetal and adult CNS (Gage 
2000). NSPCs were first demonstrated in the subventricular zone (SVZ) of the 
mouse in 1989 (Temple 1989) and were isolated from the mouse striatal tissue and 
SVZ for the first time in 1992 (Reynolds and Weiss 1992; Stemple and Anderson 
1992). These cells were capable of self-renewal and generating the main pheno-
types (neurons, astrocytes and oligodendrocytes) of CNS cells in vitro and in vivo 
(Reubinoff et al. 2001). NSPCs can continually proliferate in vitro and maintain 
in a particular and unique living cluster called neurosphere. Neurosphere culture 
system developed by Reynolds and Weiss (1992) is the main method to obtain 
and preserve NSPCs, which have been extensively utilized for stem cell research. 
NSPCs predominantly reside within two areas of the adult mammalian brain: the 
SVZ lining the lateral ventricles of the forebrain (Gritti et al. 1996; Morshead 
et al. 1994), the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) 
(Palmer et al. 1997), and the central canal region of the spinal cord (Weiss et al. 
1996). NSPCs in SVZ give rise to neuroblasts that migrate in chains to the olfac-
tory bulb through the rostral migratory stream where they differentiate into gran-
ule and periglomerular neurons (Lois and Alvarez-Buylla 1994; Lois et al. 1996). 
In the adult DG, new neurons are born from NSPCs in the SGZ and migrate a 
short distance to differentiate into granule cells that project their axons to the CA3 
region of the hippocampus and establish synaptic connection with local neurons 
(Deng et al. 2009; Markakis and Gage 1999).

Transplantation of NSPCs has been widely applied in the therapeutic study of 
SCI. Scientists have attempted to restore neural functions via a number of different 
strategies including neuronal differentiation, axon regeneration, remyelination, and 
nutrient secretion. The differentiated neurons and neural cells transplanted into the 
spinal cord can survive for the least time of 6 weeks and express neuronal and 
astrocytic phenotypic markers in these surviving cells, suggesting a promising sur-
vival rate and differentiation in the injured spinal cord in vivo, although most of 
them likely differentiate into astrocytes (Akesson et al. 2007). In most cases, in 
vivo directly transplanted NSPCs differentiate into glial lineages, especially astro-
cytes (Cao et al. 2001; Webber et al. 2007). Therefore, the direct transplantation 
of NSPCs is not an efficient strategy for functional recovery after SCI, the rea-
sons for which are probably the high glial differentiation rate (40 %), low neu-
ronal differentiation of the grafted stem cells, and the failure of axon regeneration 
beyond the lesion site. Transplantation of the in vitro predifferentiated NSPCs is 
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more efficient than direct implantation, for example, hNSPCs treated with bFGF, 
heparin, and laminin for priming before transplantation. After transplantation into 
the contusion lesion of rats, these primed hNSPCs result in an optimized survival 
rate, neuronal and oligodendroglia differentiation, and improved trunk stability 
(Yan et al. 2007). The Olig2-NSPCs genetically expressing Olig2 showed high 
proliferative activity, increased volume of spared white matter, and reduced cavity 
volume. Additionally and importantly, the thickened myelin sheath was induced 
by the differentiated oligodendrocytes from grafted cells and the hindlimb func-
tions got significant locomotor recovery (Hwang et al. 2009). The above stud-
ies indicated that oligodendrocyte differentiation from grafted NSPCs is vital to 
the functional recovery through remyelination by oligodendrocytes in the spi-
nal cord. Grafted NSCs can also differentiate into neurons with certain pretreat-
ments. Besides remyelination, synaptic contact reformation is also important for 
the reconstruction of neurofunctional circuitry. The pretreated neural progenitors 
of the human fetal spinal cord-derived NSPCs generated a large-scale neuronal 
differentiation, axon regeneration, and extensive synaptic contacts reformation 
with host motor neurons integrating into the host neural circuits (Yan et al. 2007). 
Another strategy is to transplant the NSPCs into the injured spinal cord with con-
comitant infusion of biomolecules or compounds, such as growth factors, which 
promote oligodendrocytic or neuronal differentiation and remyelination (Karimi-
Abdolrezaee et al. 2006, 2010; Abematsu et al. 2010). The differentiated neu-
rons from grafted NSPCs integrated into the injured cord and improved recovery. 
NSPCs have also demonstrated some immunomodulatory and pathotropic ability 
by homing toward damaged tissue (Ziv et al. 2006) as well as secreting various 
neurotrophic factors and cytokines (Yan et al. 2004; Lu et al. 2003; Hawryluk 
et al. 2012).

A registry Web site (http://www.clinicaltrials.gov) provides results database 
of publicly and privately supported clinical studies of human participants around 
the world where you can learn not only the history, policies, and laws, but also 
the progress about clinical studies. Recently, Stem Cells Inc. started a phase I/II 
(safety/efficacy) trial in Switzerland involving transplantation of human fetal brain 
stem cells into patients with thoracic SCI. Currently, this is the only human trial 
involving NSPCs for SCI, and these patients require immunosuppression. The 
drawbacks for human NSPCs include ethical concerns about fetal-derived cells, 
difficulties in expanding adult-derived cells to clinically sufficient numbers, and 
unavailability of autologous sources.

20.2.5  Induced Pluripotent Stem Cells

Mouse iPSCs were first established by Takahashi and Yamanaka in 2006 
(Takahashi and Yamanaka 2006), and in recent years, the methods for 
their production are continuously progress. Initially, iPSCs were gener-
ated from mouse fibroblasts by retroviral introduction of the transcription 
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factors Oct4, Sox2, c-Myc, and Klf4 (Takahashi and Yamanaka 2006). Other com-
binations of different factors are successively used to generate iPSCs from differ-
ent somatic cells, such as Nanog/Oct4 (Okita et al. 2007), Nanog/Oct4/Sox2/lin28 
(Yu et al. 2007). The actions of these transcription factors are thought to repro-
gram somatic cells into ES cell-like pluripotent cells through multiple stochastic 
epigenetic events and activation of various pluripotent genes. Compared ES cells, 
iPSCs share many key properties with ES cells, including morphology, pluripo-
tency, self-renewal, and gene expression (Puri and Nagy 2012). The multipotential 
differentiation of iPSCs into electrophysiologically functional neurons, astrocytes, 
and oligodendrocytes makes them to be more useful and potential in regenera-
tive therapies. If it were possible to perform custom cell transplantation therapy 
by generating iPS cells from patients themselves and transplanting them into SCI 
sites after the iPS cells had been induced to differentiate into neural cells, it would 
also be possible to avoid both the ethical problem of using human fetal tissue and 
the possibility of immunological rejection.

One of the main problems with generation of iPSCs is the expression of repro-
gramming factors associated with teratoma formation (Ben-David and Benvenisty 
2011). To avoid the permanent transgene integration, several alternative delivery 
methods have been developed for reprogramming, such as adenovirus, the piggy-
Bac transposon, and direct protein transduction (Puri and Nagy 2012; Gonzalez 
et al. 2011). These reprogramming factors are needed to initiate but not sustain 
somatic cell transformation into iPSCs, which is very important from a therapeu-
tic standpoint. However, for clinical translation, it is necessary to develop repro-
ducible protocols for iPSC differentiation to specific neural lineages. The iPSCs 
have been tried to generate NSPCs, motor neurons, OPCs, and olfactory ensheath-
ing cells in vitro, which were restricted to one specific cell lineage with low risk 
of tumorigenesis after implantation into the spinal cord. Although the NSPCs 
can be derived from human iPSCs, some types of iPSC-derived neural cells have 
an increased likelihood of tumor formation after transplantation into the CNS. 
Thus, safe iPSC-derived clones need to be screened and selected for transplan-
tation (Miura et al. 2009; Tsuji et al. 2010). Subacute transplantation of the pre-
selected “safe” iPSC-derived neurospheres into lesion site after contusion SCI 
exerts positive effects on the injured spinal cord, including remyelination, axonal 
outgrowth of serotonergic fibers, and promotion of locomotor recovery. However, 
the “unsafe” iPSC-derived neurospheres resulted in robust teratoma formation and 
loss of locomotor function (Tsuji et al. 2010). The grafted human iPSC-derived 
neurospheres survived, migrated, and differentiated into the three major neu-
ral lineages (neurons, astrocytes, and oligodendrocytes) within the injured spinal 
cord and showed both cell-autonomous and non-cell-autonomous effects, includ-
ing synapse formation, expression of neurotrophic factors, angiogenesis, axonal 
regrowth, and increased amounts of myelin in the injured area, resulting in sig-
nificantly functional recovery (Nori et al. 2011). No tumor formation occurred in 
the grafted mice with the preselected clones. Motor neurons are recently gener-
ated using a high-efficient method (Karumbayaram et al. 2009; Zeng et al. 2010) 
that utilizes adherent cultures by forming neural rosettes that were treated with RA 
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and SHH and supplemented with GDNF, BDNF, and CNTF or IGF. Differentiated 
motor neurons under such conditions were electrophysiological active because 
they presented repetitive firing of action potentials in response to current injec-
tion. To date, there is no available information on motor neuron grafting in non-
human primate models of SCI. To our knowledge, no clinical protocols involving 
grafting of motor neuron derived from iPSCs have been set up. iPS cells can be 
derived from tissues of the same patient, enabling the possibility of autologous 
transplantation after in vitro differentiation. Additionally, iPS cell derivation from 
motor neuron disease patients allows the generation of cellular models that would 
improve our knowledge about mechanisms and design new preventive strategies to 
avoid motor neuron death.

20.3  Strategies of Stem Cells for Spinal Cord Regeneration

SCI researchers have taken great efforts for decades to bridge the injured spinal 
cord and repopulate the area of injury with cells that might restore axonal con-
tinuity to promote axonal growth back to its distal targets. An emerging strategy 
for replacing and/or regenerating damaged tissue is the implantation of stem cells 
and/or artificial biomaterials such as scaffolds combined with cells to form tissue 
bridges between damaged spinal cord stumps.

20.3.1  Transplantation of Stem Cells

Cell transplantation represents a potentially powerful treatment method for SCI 
via the possible means of (1) parasecreting permissive neurotrophic molecules at 
the lesion site to enhance the regenerative capacity; (2) providing a scaffold for 
the regeneration of axons; and (3) replacing lost neurons and neural cells. Direct 
transplantation of the single stem cells was performed in the early progress of cell 
replacement therapy, which requires the knowledge of characteristics of the candi-
date stem cells.

20.3.1.1  Transplantation of Embryonic Stem Cells

The fate of stem cells or progenitor cells that were derived from embryonic CNS 
or human umbilical cord blood has been studied in many laboratories after trans-
planted into the injured adult rodent spinal cord (McDonald et al. 1999; Han et al. 
2002, 2004; Hill et al. 2004; Cao et al. 2002; Ogawa et al. 2002; Teng et al. 2002). 
The potential of human fetal stem cells is currently being investigated in treat-
ing animal models of SCI. Neural progenitors derived from human fetuses have 
been transplanted into immunosuppressed rodent and non-human primates after 



482 X. Zhang et al.

contusion (Cummings et al. 2005; Iwanami et al. 2005). The transplanted cells 
survived and differentiated into cells with characteristics of oligodendrocytes and 
neurons and were associated with locomotor improvements. Pre-differentiation 
treatment on the embryonic CNS-derived stem/progenitor cells is recently a suc-
cessful approach for transplantation. Mitsui et al. (2005) transplanted neuron- and 
glia-restricted precursors into rat spinal cord after contusion injury. The grafted 
cells survived, filled the lesion site, and differentiated into cells with some char-
acteristics of neurons and glia, resulting in sparing/sprouting of descending path-
ways and improved bladder and motor function. The oligodendrocyte-restricted 
progenitor cells were usually used to evaluate their potential in SCI because of 
remyelination function. Indeed, the pre-differentiated OPCs from ES cells sur-
vived, migrated over short distances and differentiated into oligodendrocytes, and 
finally remyelinated the spared axons and improved recovery when transplanted 
subacutely into the injured rat spinal cord (Keirstead et al. 2005; Sharp et al. 
2010).

20.3.1.2  Transplantation of Adult Stem Cells

In the field of cell therapy, adult stem cells are emerging as a clear alternative. 
Adult stem cells have been isolated from a variety of different organs through-
out the human body using a variety of techniques. Since that, adult stem cells 
have low ethical concerns. Various adult progenitor cells have been implanted in 
rodent models of SCI, ranging from olfactory ensheathing cells, cultured spinal 
cord stem cells, bone marrow derived stem cells, dermis derived stem cells, and 
a few others (Schultz 2005). Transplantation of MSCs from bone marrow sig-
nificantly improves function recovery after SCI in mice and rats (Hofstetter et al. 
2002; Himes et al. 2006; Yano et al. 2005; Sykova and Jendelova 2005; Lee et al. 
2003; Wu et al. 2003). The potential mechanisms mediating BMSCs efficiency are 
proposed as neurotrophy, axonal elongation, formation of a favorable environment 
for regeneration, expression of growth factors or cytokines, and vascular effects 
or remyelination. A human trial was conducted in which autologous BMSCs were 
intravenously delivered to nine patients with SCI (Reier 2004). The improvements 
observed appeared to fall within an expected range of spontaneous recovery, and 
one participant advanced from ASIA category B to D. Nevertheless, without con-
trols or some indication of cell viability within those lesions, this preclinical trial 
can demonstrate a measure of procedural safety. After transplantation of adult 
NSPCs into the intact and injured murine spinal cord, a small number of neuronal 
differentiation is observed (Akesson et al. 2007), but most grafted cells differenti-
ated into astrocytes or oligodendrocytes (Cao et al. 2001; Vroemen et al. 2003). 
Recently, combination of cell transplantation with growth factors that selective 
increases oligodendrocytic or neuronal differentiation, which is potential on func-
tional recovery of the injured spinal cord. The pre-treated NSPCs transplanted 
2 weeks post-injury survived, migrated, integrated in the injured spinal cord tis-
sue, generated mature oligodendrocytes that remyelinated the injured axons, and 
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promoted some functional recovery. However, NPCs transplanted 8 weeks post-
injury did not survive and failed to exert similar effects (Karimi-Abdolrezaee et al. 
2006). Therefore, there is a need to find and neutralize the inhibitory obstacles 
present in chronic SCI that interfere with NPC survival after transplantation. The 
data from the same group combined the sustained infusion of chondroitinase ABC 
to target chondroitin sulfate proteoglycans (CSPG) with subsequent transplants 
of NPCs and transient infusion of growth factors, EGF, bFGF, and PDGF-AA 
(Karimi-Abdolrezaee et al. 2010). Results demonstrate that perturbing CSPGs dra-
matically optimizes NPC transplantation in chronic SCI. Engrafted NPCs success-
fully integrate and extensively migrate within the host spinal cord and principally 
differentiate into oligodendrocytes. Additionally, the combined strategy promoted 
the axonal integrity and plasticity of the corticospinal tract and enhanced the plas-
ticity of descending serotonergic pathways. These neuroanatomical changes were 
also associated with significantly improved neurobehavioral recovery after chronic 
SCI. To regulate the survival number of grafted cells in spinal cord and fate to 
 promote recovery, it will be necessary to determine which molecules are involved 
in governing neural stem cell proliferation, migration, and differentiation.

20.3.1.3  Transplantation of Engineered Stem Cells

The microenvironment in the injured adult spinal cord is poor for cell survival, 
neuronal differentiation, and maturation. Therefore, it is necessary to enhance the 
capacity of stem cells in CNS repair. Researchers are recently trying to genetically 
modify the stem cells to potentiate them better survival, and desired differentia-
tion and maturation properties. Neural stem cells transducted with neurogenin-2 
that is necessary for granule progenitor amplification greatly suppressed astrocytic 
differentiation of engrafted cells in spinal cord and improved the positive effects 
of engrafted stem cells, including increased amounts of myelin in the injured 
area, recovery of hindlimb locomotor function, and hindlimb sensory responses 
(Hofstetter et al. 2005). In order to increase the survival of transplanted rat ES 
cells, BCL2, an anti-apoptotic protein, was forced to be overexpressed in ES cells. 
This led to tumor-like growth of cells, accompanied by increased morbidity and 
mortality (Howard et al. 2005). More promisingly, when transplanted in the com-
pressed mouse spinal cord, engineered mouse ES cells expressing the cell adhe-
sion molecule L1, that is, able to enhance neuronal survival and neurite outgrowth, 
survived longer and migrated rostrally and caudally from the lesion. Corticospinal 
tract axons showed interdigitation with L1-transfected ES cells and extended into 
and, in some cases, beyond the lesion site (Chen et al. 2005). The embryonic spi-
nal cord-derived glial-restricted precursor cells expressing multineurotrophin 
D15A with both BDNF and NT3 activities significantly increased the oligodendro-
cytic differentiation and formed morphologically normal-appearing myelin sheaths 
around the axons in the ventrolateral funiculus of spinal cord, and facilitate func-
tional recovery after traumatic SCI when transplanted them into the contused 
adult spinal cord (Cao et al. 2005). MASH1 is both necessary and sufficient for 
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the maintenance of neural precursors and neurogenesis in the ventral spinal cord 
(Parras et al. 2002). Hamada et al. (2006) introduced MASH1 gene into ES cells 
which yielded purified spinal motor neuron precursors after transplantation into 
injured spinal cord. The transplanted cells showed extensive outgrowth of axons 
and connected to each other, suggesting reconstitution of neuronal pathways. 
Interestingly, MASH1 transfection into ES cells downmodulated the expression of 
Nogo receptor that mediates axonal growth (Stoeckel et al. 2003; GrandPre et al. 
2002; Li et al. 2004). This may be one of the most important mechanisms for neu-
ronal regeneration in spinal cord.

It is apparent that transplantation of genetically modified stem/progenitor cells 
after SCI will not lead to more optimal recovery than the stem/progenitor cells 
alone; combination strategies will be necessary for optimum return of function. 
Advances in molecular biology have facilitated the manipulation of these cells to 
express molecules of interest. These types of combination strategy are promising 
but need further development and careful animal testing, individually and jointly, 
before any clinical trial can be started.

20.3.2  Biomaterial-Based Interventions

In acute cases with SCI, transplanted cells may either replace dead or dying cells 
or provide bioactive factors that improve endogenous regeneration and prevent 
apoptosis and cavity formation. However, in chronic SCI, the cystic cavity and 
glial scar are already developed, and probably, cell transplantation alone is not 
sufficient to promote injured spinal cord regeneration. Therefore, tissue repair in 
these cases requires “bridging” the lesion with a matrix that provides a permissive 
environment, fills the tissue gap, and, concomitantly, provides structural support 
for axonal regrowth and functional reconnection. An optimal candidate as bridge 
is the biomaterial that has biocompatibility supporting cell attachment, growth and 
differentiation, mechanical properties matching the neural tissue, and, in addition, 
porosity and permeability.

The recently used biomaterials in spinal cord tissue engineering include 
biodegradable, either natural or synthetic, and nonbiodegradable polymers. 
Biodegradable polymers hold the potential for the ultimate restoration of func-
tion and full regeneration of the tissue. To achieve this goal, the material degrada-
tion should match the tissue regeneration and maturation rates in the implanted 
site. Among synthetic biodegradable polymers, aliphatic polyesters, such as 
poly (lactide), poly (glycolide) and their copolymers, and poly (ecaprolactone) 
are the most explored (De Laporte et al. 2009; Wong et al. 2008; Pego et al. 
2001). Nonbiodegradable synthetic materials, including cross-linked synthetic 
polymers based on methacrylate hydrogels, such as poly (2-hydroxyethyl meth-
acrylate) (PHEMA) and poly [N-(2-hydroxypropyl) methacrylamide] (PHPMA) 
(Hejcl et al. 2008; Tsai et al. 2004; Woerly et al. 2008), are also being studied. 
Their application in a clinical scenario requires the establishment of their safety 
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in terms of foreign body reaction upon implantation. Generally, natural polymers 
are biocompatible and suitable for adhesion and can minimize the occurrence of 
cytotoxic effects, making natural polymers advantageous materials for nerve tis-
sue engineering (Ciardelli and Chiono 2006), despite the fact that naturally har-
vested materials have higher batch-to-batch variability and can, in some cases, 
induce immunogenic reactions. Naturally derived polymers comprise collagen, 
fibrin, hyaluronic acid, agarose, alginate, chitosan, fibroin, or poly (b-hydroxy-
butyrate). Many reports have demonstrated these promising scaffolding materials 
for the treatment of spinal cord lesions. In terms of low mechanical strength of 
nature biomaterial, the natural and synthetic composites can combine the biocom-
patible properties of natural materials and the mechanical strength and tunable 
degradation rates of synthetic materials (Bhattarai et al 2009). However, as most 
natural and synthetic polymers do not have cell adhesion property, an additional 
surface modification is needed to promote cell–surface interactions. Modifying 
the surface of PHEMA-based hydrogels with different surface charges showed 
that, after implantation into the hemisected spinal cord, hydrogels with positively 
charged functional groups promoted connective tissue infiltration and extended 
axonal ingrowth into the hydrogel scaffold (Hejcl et al. 2009). It is reported that 
biomaterial surfaces are modified by the pre-coating or immobilization of full-
length ECM proteins or their functional protein sequences for integrin receptor 
binding sites, such as those from fibronectin, laminin, and collagens (Gunn et al. 
2005). PHEMA hydrogels modified with the laminin-derived peptide (Ile-Lys-
Val-Ala-Val, IKVAV) resulted in improved cell attachment and spread, as well as 
the improved differentiation of neural fetal precursor cells (Kubinova et al. 2010). 
Recently, Stupp and coworkers have designed and synthesized a broad range of 
peptide amphiphiles to create new self-assembling biomaterials with structural 
features of amphiphilic surfactants and the functions of bioactive peptides (Cui 
et al. 2010). One of these systems incorporates the sequence IKVAV and has been 
used to prepare in situ forming hydrogels to promote SCI regeneration (Tysseling-
Mattiace et al. 2008).

The scaffolds should be highly porous with interconnected pores to allow fluid 
and nutrient exchange as well as neovascularization of the implant, thus creating 
a permissive environment for axonal growth. Cells can be either adhered to the 
pores of the scaffolds or incorporated as a cell suspension in a hydrogel that can 
also be combined with a more rigid scaffold that is supplemented with therapeu-
tic agents, such as neurotrophins. Such matrices may enhance cell survival after 
transplantation and promote differentiation into desired phenotypes. Sakiyama-
Elbert and coworkers report that combination of growth factors and fibrin scaf-
fold enhanced cell survival of embryonic stem cell-derived neural progenitors 
present and increased neuronal differentiation after transplantation in the treated 
spinal cords and exhibited an increase in behavioral function (Johnson et al. 
2010). Macroporous PHPMA hydrogels modified with the RGD peptidic sequence 
(Arg-Gly-Asp) are shown to have ability to promote tissue regeneration, axonal 
ingrowth, and angiogenesis when implanted into SCI (Woerly et al. 2001). Hejcl 
et al. (2010) seeded PHPMA-RGD hydrogels with MSCs and implanted into rat 
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chronic spinal cord lesions. The hydrogels successfully bridged the spinal cord 
cavity and provided a scaffold for tissue regeneration. Behavioral analysis showed 
a statistically significant improvement of motor and sensory scores.

Biomaterials are receiving increased attention, either as vehicles for the cells 
or as vectors of therapeutic agents for the spinal cord regenerative process. In 
addition, the advantages of using a biomaterial-based scaffold to promote axonal 
regeneration are becoming more apparent in the treatment of chronic spinal cord 
lesions, when the cystic cavity is already developed and cell transplantation alone 
is not sufficient to promote tissue regeneration.

20.4  Mechanisms Underlying Cellular Therapy

Transplanted stem cells can exert plastic changes by replacing the missing cells, 
remyelinating denuded axons, scaffolding for axons, promoting neurite outgrowth, 
and secreting trophic factors which help reducing cell death and axonal dieback.

20.4.1  Cell Replacement

The fact that pluripotent-derived stem cells can differentiate into both neurons 
and oligodendrocytes in vitro and in vivo demonstrates the mechanism of cell 
replacement strategies for spinal cord repair [as reviewed in (Ruff and Fehlings 
2010)]. NSPCs or the committed precursors can home to areas of damage, prolif-
erate, and differentiate into the missing cell type resulting in cell replacement (Yan 
et al. 2007; Hwang et al. 2009). OPCs is most easily isolated and grown in large 
quantities and shares the characteristics of stem cells. Replacement of damaged 
oligodendrocytes by new OPCs has been shown to have benefit for remyelinat-
ing denuded axons in SCI (McTigue and Tripathi 2008). It should be noted that, 
although neuronal cell replacement is a feasible option for other conditions (e.g., 
secretory cell replacement), long descending motor tracts that commingle with 
pain fibers limit the clinical application of stem cell-derived neuronal replacement 
strategies in SCI.

20.4.2  Neurotrophic Factor

Perhaps, the most important role of stem and associated cell transplantation for 
SCI lies not with physical support, but in the considerable capacity to become 
trophic mediators in the neuronal regenerative responses. The transplanted stem 
cells secrete key intermediates that can enhance neuronal survival, axonal spar-
ing, plasticity, and regeneration (Teng et al. 2006). Neurotrophic modulation 
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is purportedly the primary mechanism of BMSCs, which are known to secrete 
BDNF, NGF, VEGF, TGF-β, IGF1, BNP, and SCF1 (Parr et al. 2007; Mahmood 
et al. 2004; Hu et al. 2005; Crigler et al. 2006). Evidences suggest that NGF may 
induce hyperalgesia by mediating plasticity of nociceptive circuitry (Ruiz and 
Banos 2009). In addition, cytokine growth factors and TGF-β family members, 
including GDNF, can support axonal outgrowth in SCI models, each playing a dis-
tinct but overlapping role (Jones et al. 2001; Glazova et al. 2009; Peng et al. 2003). 
FGF isoforms have also been linked into survival and neurite outgrowth in cer-
tain neuronal subtypes (Pataky et al. 2000). Ciliary neurotrophic factor (CNTF), 
secreted by glial cells or BMSCs, can promote neurite outgrowth and oligodendro-
cyte differentiation and OPC/neuronal survival (Tebar et al. 2008; Sleeman et al. 
2000; Cao et al. 2010). BMSCs induced to become Schwann-like cells showed 
additional upregulation of hepatocyte growth factor (HGF), VEGF, BDNF, and 
NGF, promoting neuritogenesis and neuron preservation in cocultures and ex vivo 
preparations (Park et al. 2010). As with other biological instruments, stem cells 
possess unique characteristics that act in a context-specific manner as boon and 
burden, with myelination capacity, chemotrophic potential, and endogenous pres-
ence varying between cells. Therefore, in vitro mechanisms of cellular actions 
must be evaluated by in vivo modeling systems.

20.4.3  Axonal Regeneration

Several exogenous cell types can greatly increase axonal regeneration and fiber 
density in the injured spinal cord, such as schwann cell and olfactory ensheathing 
cells (Ramon-Cueto et al. 1998; Guest et al. 1997). However, neither cell type is 
able to significantly affect corticospinal fiber regeneration, or crossing of lesion 
sites, especially in the chronic stage. Transplanted NSPCs demonstrate moderate 
increases in axonal sprouting and regeneration, including the corticospinal tract 
(Karimi-Abdolrezaee et al. 2010; Hofstetter et al. 2005). Injection of BMSCs may 
increase axon density in the lesion site (Lu et al. 2007). In some cases, increased 
axonal plasticity does not translate to functional recovery of locomotion. This is 
likely due to tissue sparing as transplanted cells do not integrate well with host 
tissue.

20.4.4  Environmental Modification

After SCI, the inhibitory microenvironment, including the inflammatory response, 
glial cell activation, and gliosis appear and largely act as a negative obstruction 
to any form of cellular therapy. Environmental modification and tissue spar-
ing are potentially more efficacious approaches to increase plastic repair. Gliosis 
and astrocyte reactivity has been shown to be reduced with transplantation of 
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BMSCs in acute and chronic SCI (Lu et al. 2007). Nearly, all cell transplanta-
tion approaches have demonstrated the tissue sparing and increases in gray and 
white matter. The most pronounced increases in white matter are with NSPCs and 
glial-restricted progenitors (Karimi-Abdolrezaee et al. 2010; Mitsui et al. 2005). 
NSPCs and OPCs can efficiently remyelinate host axons with organized, compact 
myelin in subacutic or chronic stage lesion, but only if the glial scar is degraded 
(Keirstead et al. 2005; Karimi-Abdolrezaee et al. 2010; Eftekharpour et al. 2007).

20.5  Clinical Translation

With progress in vivo studies, scientists and surgeons have tried to conduct clini-
cal trials to explore the therapeutic effects of cell transplantation on spinal cord 
patients using various cell types and strategies on different kinds of SCI patients. 
Premature clinical trials of stem cell therapy carry the risk of creating more harm 
than benefit. Furthermore, any negative results or serious adverse effects could 
potentially damage the long-term development of the field. Nowadays, many 
uncontrolled and scientifically dubious stem cell therapies have been offered 
worldwide for SCI with little or no rationale in many cases (Blight et al. 2009). 
Therefore, so far, no safe and effective cell therapies for SCI patients have been 
achieved and little evidence has been obtained of clinically significant benefits. 
The clinical trials and challenges of stem cell-based transplantation strategies for 
the treatment of SCI are briefly described as followings.

20.5.1  Current Status

In 2009, Geron Corporation was approved by US FDA to run the first clinical trial 
of stem cell therapy for SCI. In the next year, Geron Corporation initiated the clin-
ical trial (Phase I) to test the safety of human ES cell-derived OPCs, GRNOPC1, 
within patients who were suffering from complete thoracic-level paraplegia with 
the loss of motor and sensory function. Two million GRNOPC1 was adminis-
tered into the lesion site within 14 days of injury. To date, there are no serious 
adverse events reported in the long-term follow-up. Furthermore, they plan to test 
the safety in patients with a higher cell concentration with 20 million cells in the 
next step. Unfortunately, this SCI stem cell research program was announced to 
be ended in 2011 because of financial reasons. In the Phase I clinical trial, So far, 
no further safety issues and therapeutic improvements were reported, although 
Geron was looking mainly at the safety profile at this stage. Bretzner et al. (2011) 
raised a comment to argue the target population selection in the clinical trial of 
GRNOPC1 and suggest a more detailed criteria for selecting patients for different 
study purposes: (1) chronic complete SCI patients for a safety trial, (2) subacute 
incomplete SCI patients for an efficacy trial, and (3) perhaps primary progressive 
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multiple sclerosis patients for a combined safety and efficacy trial. They proposed 
that the chronic completed SCI patients may be a more preferable target popu-
lation than subacute complete SCI patients in the phase I clinical trial, because 
simultaneous recovery may occur in some subacute complete SCI patients, which 
may confound results. In addition, the chronic complete lesion site may ensure a 
stable microenvironment after cell transplantation in which to assess the safety of 
transplanted cells.

Geffner et al. (2008) reported their investigation about the administration of 
autologous BMSCs into eight patients with SCI (four acute and four chronic) in 
2008. Some improvements in bladder function and changes in spinal cord were 
observed during the 2-year follow-up. The safety of transplantation of BMSCs in 
patients with SCI have been tested by other groups, and all indicate that admin-
istration of these cells does not cause any adverse effects (Sykova et al. 2006; 
Pal et al. 2009). In addition, Yoon et al. (2007) studied the effects of autologous 
human bone marrow cell transplantation in combination with the administration 
of granulocyte-macrophage colony-stimulating factor to 35 patients with complete 
SCI. No serious complications were reported (Yoon et al. 2007).

In 2012, Park et al. (2012) and Karamouzian et al. (2012) reported two clinical 
trials for SCI by using MSCs transplantation. Although some improvements were 
noticed in some patients, the therapeutic effects of MSCs transplantation have not 
been established in human SCI patients. In the study of Park et al., MSCs were 
administered three times during the course of the study on 10 traumatic cervi-
cal SCI patients with severe paralysis. The first 8 × 106 autologous MSCs were 
directly injected into the intradural space. After 4 and 8 weeks, another 5 × 106 
MSCs, each time, were injected into the spinal cord above the lesion cavity and 
the cavity, respectively. Finally, 3 patient exhibited improvements of daily living 
activities, increased motor power of the upper extremities, shrinked lesion cavity 
size, and electrophysiological improvement. Various partial improvements were 
observed in the rest of 7 patients. They also claimed that there are no permanent 
complications associated with MSCs transplantation observed. Karamouzian et al. 
(2012) transplanted autologous MSCs into the cerebrospinal fluid via lumbar 
puncture for 7 SCI patients with complete thoracic injuries. As they observed, 5 
of 11 patients in the MSCs transplantation group and 3 of 20 patients in the con-
trol group showed marked function recovery; however, the differences between the 
two groups were not significant. On the other hand, no adverse reaction and com-
plications in both groups were experienced by patients, which may indicate the 
safety of intrathecal administration of MSCs in human patients

A large number of clinical trials are underway in China involving transplan-
tation of mononuclear cells derived from umbilical cord blood, which includes 
a population of stem cells (see http://www.stemcellschina.com/). And, so far, no 
convinced results from these trials have yet been published. The SCI Network 
USA (see http://www.scinetusa.org/) is also planning a study of umbilical cord 
blood mononuclear cell transplants combined with lithium treatment in people 
with chronic traumatic SCI.

http://www.stemcellschina.com/
http://www.scinetusa.org/
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20.5.2  Challenges for Clinical Translation of Stem Cell 
Therapy for SCI

Clinical translation of stem cell therapy for SCI still faces enormous challenges, 
although much has been learned from previous SCI and other trials. Most clinical 
trials are at phase I conducted with small numbers of patients without controls, 
and thus, assessment of efficacy is not possible. Enrolling sufficient numbers of 
SCI patients for clinical trials is very difficult because of differing severity and 
level of injury, age of patient, and associated injuries. Generally, for cell replace-
ment trials, the target SCI population is ASIA A patients to avoid causing further 
damage, but these patients have minimal ability to recover, and demonstration of 
effectiveness is impaired due to insensitive outcome measures. Some of the obsta-
cles that the Geron trial encountered were the need to screen large numbers of 
patients, the need of a large number of cells (2 million cells), and a relatively long 
waiting time to evaluate clinical efficacy (more than 6 months). The process of 
creating clinically acceptable ES cell- or iPS-derived cells is costly. Recent pro-
gress in direct conversion methods indicates great potential for clinical stem cell 
therapy, but more work is needed. The complexities of attenuating the tissue dam-
age and secondary complications due to trauma and reconstructing the cytoarchi-
tecture of the injured spinal cord are very challenging, but hopefully. The rapid 
advances being made in stem cell biology will result in effective experimental and 
clinical trials of stem cell therapy for SCI.

20.6  Conclusions and Perspectives

Current cell-based approaches are aimed at (1) regeneration of new neurons that 
die within the first minutes to days after trauma; (2) providing a source of cells 
to promote remyelination; and (3) delivering trophic molecules that can promote 
cellular protection and plasticity. Many of the strategies that achieve functional 
recovery take a multi-component approach. These strategies can be successful 
because one cell line can provide secreted factors and trophic support for the other 
cells. Protein therapeutic strategies, such as the use of growth factors, enzymes, 
and neutralizing antibodies, help promote regeneration after SCI. Damaged axons 
may regenerate through lesions if intrinsic growth mechanisms are bolstered, and 
extrinsic barriers are diminished. For example, Chondroitinase ABC is employed 
to degrade the glial scar to facilitate lesion entry. Cells genetically modified to 
secrete growth factors have the advantage of providing continuous influx of pro-
teins that facilitate local niche suitable for cell survival, axonal extending, and spe-
cific cell-type differentiation.

Overall, cell therapy combined with other regeneration promoting strategies 
holds the most promise for restoring function from SCI. Many of these strate-
gies have demonstrated efficacy of stem cell-based therapy in preclinical trials. 
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For successful translation to the clinic, these strategies should be tested in chronic 
models of SCI and functional recovery should be assessed using a variety of tests. 
Additionally, the development of embryonic and adult stem cell technology will 
require further research to produce patient-specific stem cells and culture meth-
ods necessary for clinical trials. It will be benefit to make the candidate stem cells 
easily accessible for hospitals, and this ideally includes the ability to bank cells 
and to be able to distribute them as an off-the-shelf product. The more simplified 
the cell handling techniques required by the clinic, the greater potential it has to 
become a widely used therapy. On the other hand, strategies to affect endogenous 
neural stem cells in the adult spinal cord appear to be a more distant scenario. 
Efforts must be put onto acquiring a better knowledge of this stem cell reservoir. 
However, this is an exciting line of research that ultimately may result in pharma-
cological therapies circumventing the need for invasive and allogeneic strategies.
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Abstract Pancreatic transplant and islet cell transplantation are alternative proce-
dure to “cure” diabetes. The last one has already become an accepted practice to 
stabilize frequent hypoglycemia or severe glycemic lability in highly selected sub-
jects with poor glycemic control. Advancements during the last decade in the fields 
of regenerative medicine, tissue engineering, immunomodulatory therapy, and gene 
therapy have drawn us a step closer to making the application of stem cell therapy 
a feasible reality in the cure of diabetes. However, a combinatorial approach that 
can combine safe and effective stem cell strategies with reliable existing therapies 
such as islet transplantation, as well as the latest immunosuppressive and immu-
nomodulatory drug regimens and/or novel bioengineering techniques, would 
ensure an optimistic scenario for successful translation of stem cell therapy in the 
cure of diabetes. In short, the application of stem cell therapy in the cure for diabe-
tes appears extremely promising, with bona fide hope for a permanent cure.

Keywords Stem cell · Diabetes · Therapy

Diabetes is a major source of morbidity and mortality due to progressive chronic 
micro- and macrovascular complications, it is associated with a reduction and dys-
function of ß–pancreatic cells, and the type 1 diabetes mellitus (T1DM) is associ-
ated with significant morbidity and mortality in the affected population. Currently, 
insulin replacement via exogenously administered insulin remains the mainstay 
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of T1DM treatment. Unfortunately, insulin therapy requires either multiple daily 
injections of insulin or the use of insulin pumps as well as major lifestyle modi-
fications (Silverstein et al. 2005). There has been a search for permanent diabetes 
“cure” that replaces ß-pancreatic cells, freeing patients from insulin requirements. 
The radical solution is whole pancreas transplantation, a surgical procedure devel-
oped dating back to 1966 (Kelly et al. 1967).

The pancreatic transplant was first introduced by Kelly. Currently, there are 3 
types of solid pancreatic transplant and pancreatic islet cell transplants used, with 
the latter being a recent development. These are simultaneous pancreas kidney 
transplant, pancreas after kidney transplant for those with a renal transplant at an 
earlier stage for end-stage renal failure, and pancreas transplant alone for those with 
severe unawareness of hypoglycemic episodes with no renal disease (Gruessner 
2011). Pancreatic transplant has progressed significantly in the past 25 years, and 
it has success rates comparable to those of other organ transplantations: 80 % of 
patients achieved and maintained insulin independence for 6–8 years (Gruessner 
2011). However, pancreas transplantation requires a significant immunosuppressive 
therapy to prevent organ rejection, (Lo Monte et al. 1999; Ciancio et al. 2000) and 
therefore, is performed only in combination with kidney transplantation in diabetic 
dialysis patients with end-stage renal disease, but unfortunately, this intervention 
has many complications (Ireland 2011; Ciancio et al. 2000). Recent review studies 
of the 24-year practice in pancreatic surgery have shown improved outcomes and 
survival, both in the graft and the patient, and better outcomes including reversal 
of microvascular complications of diabetes (ophthalmic and neurovascular). Patient 
survival has now reached more than 95 % at 1 year after transplant and more than 
83 % at 5 years after transplant (Gruessner 2011). A recent study by Lindahl and 
associates, (Lindahl et al. 2013) in Norway, showed that simultaneous kidney and 
pancreatic transplant patients had a better long-term survival from all causes than 
either live-donor kidney or deceased-donor kidney recipients. Their results are 
attributed to better glycemic control, better blood pressure, and lipid control (which 
lowers cardiovascular risk), as more than 50 % of deaths in this population are 
attributed to cardiovascular disease (Humar et al. 2000).

Advances in pancreatic transplant have improved patient outcomes, survival, 
and quality of life. As islet cell transplant is growing and more research stud-
ies are coming to light, and implantation is a much simpler method technically 
than transplant, in the last few years, islet transplantation has proffered an alter-
native promising therapy, and recent results for islet transplantation demonstrate 
major improvement in outcomes. While Shcarp et al’s work established the liver 
as an ideal site for islet transplantation, (Scharp et al. 1973) further work by 
Najarian et al. (1977) in 1977 reported the first successful clinical islet trans-
plant paired with the administration of azathioprine and corticosteroids. Over the 
past 10 years, there has been significant progress in the development of the islet 
transplantation procedure. There are five types of isolated pancreatic islet trans-
plantation: autotransplantation in patients after pancreatectomy, allotransplanta-
tion in patients after total pancreatomy, allotransplantation in patients with type 
1 diabetes, fetal allotransplantation or xenotransplantation in type 1 diabetes, 
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and allotransplantation of islets in type 2 diabetes (Poradzka et al. 2013). The 
successful transplants of islets have been noted from donors after cardiac death. 
The selection of donors is strict and includes, e.g., age, cold and warm ischemia 
times, BMI, cause of death, serum amylase or lipase levels, glycemia, incidence 
of hypertension, alcoholism, or smoking. In order to achieve normal glycemic 
level, most recipients are required to undergo 2–3 infusions. It is estimated that 
to achieve full insulin independence up to 10,000 (5000–10,000) islet equivalents 
per kilogram are necessary. It is impossible to get that amount from a single donor 
(Poradzka et al. 2013). Achieving post-transplant islet function and even insulin 
independence with single donors would help to transition islet transplantation 
from therapy for few to a cure for all with T1DM. It would also avoid exposing 
the recipient to polyhuman leukocyte-associated (HLA) antigens that may pre-
clude future transplants for the recipient. Single-donor islet transplant success has 
been achieved in certain centers, most notably at the University of Minnesota and 
University of California, San Francisco (UCSF) (Fig. 21.1).

Islet cell transplantation is an attractive alternative therapy to conventional 
insulin treatment or vascularized whole pancreas transplantation for type 1 dia-
betic patients by islet cells’ isolation from donor pancreata and embolization into 
the recipient liver via the portal vein (Saidi 2012). Islet-alone transplantation 
has recently become an accepted practice to stabilize frequent hypoglycemia or 
severe glycemic lability in highly selected subjects with poor glycemic control 
Ryan et al. (2006). The Collaborative Islet Transplant Registry Report (CITR) 
from 2009 reported that 70 % of recipients achieved insulin independence for at 
least a two-week period, and after one- and two-year post-transplant, 49 and 39 %, 
respectively, of the recipients remained insulin independent (Hirshberg 2009; 
Group CR 2009). Moreover, marked improvements in clinical islet transplantation 
have been observed from 2007 to 2010 as evidenced by retained C-peptide lev-
els, reduction of HbA1c, and reduced islet reinfusion rates (Barton et al. 2012). 
As the most advanced preparations often result in recovery of only 20–50 % of the 
potential islet mass (Nanji and Shapiro 2006), most patients require multiple islet 

Fig. 21.1  Number of islet 
transplant recipients from 
1999 to 2013 in Edmonton, 
North America, and 
International Islet Transplant 
Centers (Bruni et al. 2014)
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infusions to achieve euglycemia and insulin independence (de Kort et al. 2011), 
and immunosuppressant treatment is necessary to achieve the greatest level of 
engraftment. Patients must then adhere to a lifelong immunosuppressant regimen, 
which carries its own adverse effects such as increased risk of infection and cancer 
(Robertson 2010).

Today, intrahepatic islet infusion via the portal vein accounts for virtually all 
clinical islet transplants conducted worldwide. A significant amount of intrapor-
tal islet mass is lost immediately post-transplant due to innate immune pathways 
involving platelet and complement activation described in the “Islet engraftment 
section.” Numerous sites have been proposed and tested, both experimentally and 
in some cases clinically, including the liver, kidney subcapsule, spleen, pancreas, 
omentum, gastrointestinal wall, immune privileged sites, and subcutaneous spaces. 
Pepper et al. (2013) and Veriter et al. (2013) have summarized the utility of alter-
native transplant sites in experimental models and their prospective applicability 
to the clinical setting. While some alternative sites may be advantageous in experi-
mental models, their feasibility and translation into clinical settings are limited to 
date. They concluded that the gold standards for islet transplantation in the clinical 
and experimental settings remain the intrahepatic portal infusion and kidney cap-
sule, respectively.

21.1  Variable Stem Cells

While both pancreas transplantation and islet transplantation are limited by donor 
shortages, patient-derived induced pluripotent stem (iPS) cells may provide an 
unlimited supply of transplantable cells for ß-cell replacement therapy in diabetic 
patients.

21.2  Embryonic Stem Cells

There are two broad types of stem cells, embryonic stem cells (ESCs) and adult 
stem cells. ESCs are isolated from inner cell mass of blastocyst and can trans-
differentiate into cells of all three germ layers. Islet neogenesis is the generation 
of new islets by locating of pancreatic stem or progenitor cells at the postnatal 
pancreatic duct. Unfortunately, adult stem cells are rare and difficult to expand in 
culture. The use of human ESC-derived insulin-producing cells in clinical trials is 
likely to remain a “nonstarter” because of a number of ethical and scientific con-
siderations. Recent studies have demonstrated that ESCs (Lumelsky et al. 2001; 
D’Amour et al. 2006; Jiang et al. 2007) iPS cells (Tateishi et al. 2008; Maehr et al. 
2009), and adult stem cells from bone marrow (BM) (Xie et al. 2009), pancreas 
(Noguchi et al. 2010; Seaberg et al. 2004), liver (Yang et al. 2002), umbilical cord 
blood (Sun et al. 2007), Wharton’s jelly (Chao et al. 2008), or placenta (Chang 
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et al. 2007), can differentiate into insulin-producing elements. Derived from ESCs, 
researchers found “insulin-producing cell clusters” (IPCCs), which does not rep-
resent surrogate ß-cells but rather more closely resembles an α and ß cell hybrid. 
The ability of ESC-derived islet-like cell clusters to survive and function in vivo 
was tested by grafting clusters subcutaneously into the shoulders of streptozo-
tocin diabetic mice (Lumelsky et al. 2001). IPCC insulin released in response to 
minimal glucose stimulation (3.3 mmol/L glucose) but not significantly by greater 
glucose stimulation (25 mmol/L glucose), which indicates IPCCs are defective in 
glucose-sensing capacity in vivo. But currently, ESCs’ use is under debate for ethi-
cal and legal issues as well as the risks of teratoma formation (Lee et al. 2009).

21.3  Adipose-Derived Stem Cells

An alternative to ESCs could be adipose-derived stem cells (ADSCs), which could 
differentiate into insulin-, somatostatin-, and glucagon-expressing or C-peptide 
positive cells (Timper et al. 2006; Lee et al. 2008). Chandra et al. (2011) reported 
their ability to restore normoglycemic conditions in streptozotocin-induced dia-
betic mice, and the study also found that undifferentiated ADSCs exerted moder-
ate control of blood glucose levels, leading to the speculation that the autocrine 
and paracrine factors of a regenerating pancreas and an hyperglycemic local dia-
betic micro-environment can contribute to ADSC differentiation. The similar phe-
nomenon also had been shown for bone marrow-derived stem cells (Phadnis et al. 
2011). ADSCs have been reported to possess inherent regenerative angiogenic 
potential and anti-apoptotic capability through their secretion of trophic factors 
(Moon et al. 2006). ADSCs also have anti-inflammatory and immunomodulatory 
properties, including suppression of T-cell proliferation (Constantin et al. 2009). 
Therefore, ADSCs can potentially allow improved engraftment of transplanted 
islets with enhanced vascularization and suppression of inflammation.

It is now undeniable that the utility of ADSCs in the treatment of diabetes is 
extremely promising. The abundance of available source tissue, high frequency and 
multipotency of adipose-derived mesenchymal stem cells, and its trophic and regen-
erative capabilities all serve as valuable solutions to the ever-increasing diabetic 
population and associated health crises observed around the world. The exact mech-
anism of generating insulin-producing cells from ADSCs as well as further matura-
tion of those cells into functional pancreatic islets still needs to be further explored.

21.4  Mesenchymal Stromal Cells

Unlike ESCs, adult stem cells show restricted proliferation and lineage differen-
tiation. Adult stem cells that undergo mesodermal lineage-specific differentia-
tion to osteocytes, adipocytes, and chondrocytes are named as mesenchymal stem 
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cells. MSCs are characterized by their adherence to tissue culture-treated plates 
and the absence of hematopoietic marker expression. Upon exposure to differen-
tiation media, MSCs undergo differentiation into osteocytes, chondrocytes, and 
adipocytes. The differentiation potential of MSCs to connective tissues has been 
exploited for tissue engineering.

Islet-like cells have also been reported from human placenta-derived mesenchy-
mal stem cells, which is able to restore normoglycemia when transplanted under 
the kidney capsules of streptozotocin-induced diabetic mice (Kadam and Bhonde 
2010). Mesenchymal stromal cells (MSCs) are fibroblast-like group of cells from 
the BM capable of differentiating into specific tissues, representing only 0.001–
0.01 % of nucleated marrow cells (Figliuzzi et al. 2014). In recent years, MSCs 
have been highlighted as a new emerging regenerative therapy due to their multi-
potency but also due to their paracrine secretion of angiogenic factors, cytokines, 
and immunomodulatory substances. Although originally potential of MSCs to 
transdifferentiate into other types of cells such as β cells was considered to be 
their major regenerative potential, more recent evidence indicates that MSCs carry 
out tissue repair processes mainly by preferentially migrating to the site of tissue 
injury (Sordi et al. 2005; Fox et al. 2007) and participating in the repair processes 
(Caplan and Dennis 2006; Caplan 2009). In this regard, Mathew et al. (2004) pro-
vided evidence that bone marrow-derived endothelial cells, transplanted after a 
pancreatic injury, migrate to the site of damage helping injured ß-cells to recover 
even if they did not differentiate into insulin-producing cells. Hematopoietic stem 
cells and endothelial progenitor cells have also been reported in the similar effi-
cacy (Asahara et al. 1997; Di Santo et al. 2009; Park et al. 2010). In other studies, 
MSCs could support the in vivo survival of the islet through secretion of trophic 
factors and by creating an appropriate microenvironmental niche, and what’s 
more, MSCs would even promote proper blood circulation in the area around the 
islet due to their angiogenic capacities. Considering these properties, co-transplan-
tation of MSCs with pancreatic islets holds great potential for improving long-
term islet allograft survival and function (Hematti et al. 2013).

An attractive feature of MSCs in the treatment of diabetic microvascular com-
plications is the reported ability of this cell type to benefit microvascular com-
plications through systemic effects. Thus, it is conceivable that MSCs can have a 
trophic effect on the underlying diabetic microvascular complications. A variety of 
pre-clinical and initial clinical studies have indicated that MSCs have potential as 
a regenerative medicine in diabetes-associated microvascular and secondary dia-
betic complications (Davey et al. 2014).

MSCs have differential effects on the proliferation and cytokine secretion pro-
file of a subpopulation of immune cells. MSCs inhibit T-cell activation, which is 
independent of the MHC status, allowing the administration of third-party MSCs 
for immunomodulation. What’s more, Interaction between B cells and MSCs 
produces different results depending upon the culture conditions and species 
involved. Immunomodulatory properties of MSCs along with clinical success in 
GVHD have sparked interest in MSC-based immune therapy in allogeneic cell and 
organ transplantation.
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21.5  Transdifferentiation of Adult Cells

Since original stem cells are not easy to get, researchers have been trying to find 
another way beyond stem cell-based therapy, like transdifferentiation of adult 
cells. Although the mechanisms responsible for the development of these endo-
crine cell types are not fully understood, several pancreatic transcription fac-
tors have been identified: Sox9, Pdx1, Ngn3, IA1, Pax4, Arx, Nkx2.2, Nkx6.1, 
Nkx6.2, Pax6, and MafA (Kordowich et al. 2010). Kaneto et al. (2005) showed 
that concomitant adenoviral application of 2 factors, Pdx1 and Ngn3 or NeuroD, 
in the livers of mice produced transdifferentiation of hepatic cells into insulin-
producing elements associated with significant amelioration of glucose tolerance. 
Interestingly, exocrine pancreatic cells have the capacity to generate their endo-
crine counterparts when exposed in vitro to a particular microenvironment, con-
sisting of epidermal growth factor and leukemia inhibitory factor, agonists of the 
JAK2/STAT3 signaling pathway (Baeyens and Bouwens 2008).

21.6  Apoptosis in Islet Transplantation

However, in the week following pancreatic islet transplantation, up to 50 % of 
transplanted islets are lost due to apoptotic cell death. Thus, inhibition of islet 
apoptosis is an attractive and potentially effective therapeutic strategy to prevent 
the loss of functional islet mass post-transplantation and improve clinical islet 
transplant outcomes. The key enzymes mediating the progression of apoptosis 
within a cell are the cysteine aspartate protease family of enzymes called caspases. 
Caspases reside within a cell as inactive pro-caspases (zymogens) until they are 
activated in response to pro-apoptotic stimuli. Once activated, caspases proceed 
to activate other caspases in a hierarchical manner, leading to the amplification of 
the apoptotic signaling cascade and cell death. In transplantation, rejection of islet 
grafts involves the activation of the adaptive immune system; in addition, perforin 
and granzyme are primary mediators of islet cell death following transplantation. 
In the early post-transplant period, multiple mechanisms are at play that negatively 
impact β-cell function and lead to islet cell apoptosis. Of these mechanisms, pro-
inflammatory cytokines such as IL1β, IL6, IFNγ, tumor necrosis factor-α (TNF-
α), and cyclooxygenase-2 mount a fierce inflammatory attack against the newly 
transplanted islet graft, triggering islet cell death. The release of pro-inflammatory 
cytokines has been observed in rats, and pro-inflammatory cytokines mediate their 
inflammatory effects under the control of the nuclear factor κB and MAPK cell 
signaling pathways (Fig. 21.2).

Engineering of β-cell lines that can protect against pro-inflammatory cytokine-
mediated damage represents an interesting alternative to isolated islets for trans-
plantation. Chen et al. (2000) developed a cytokine-resistant rat insulinoma INS-1 
cell line capable of protecting against IL1β- and IFNγ-mediated apoptosis more 
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efficiently than cells stably overexpressing the anti-apoptotic gene Bcl2. There 
was an enhanced anti-apoptotic effect when the cytokine selection strategy was 
applied to the Bcl2 overexpressing cells. Importantly, the cells displayed no loss 
of glucose responsiveness, a critical function that ordinarily disappears very early 
during apoptosis. Jourdan et al. (2011) provided another islet cell line combining 
cytokine-resistant selection strategy by overexpressing IGF2.

21.7  Conclusion

Several uncertain factors in stem cell-based cell therapy for diabetes still remain: 
(1) the absence of gold-standard, reproducible differentiation protocol for gener-
ating insulin-producing cells from adult stem cells; (2) an exact dosage of stem 
cell-derived β-cells to reverse diabetic conditions and feasibility of producing 
such dosage in vitro; (3) proliferative capacity and maintenance of differentiated 

Fig. 21.2   Hughes et al. (2014) cell signaling pathways activated in the pancreatic islets fol-
lowing pro-inflammatory cytokine exposure. Brain death is associated with the endogenous pro-
duction of pro-inflammatory cytokines such as TNFα, IL1β, and IFNγ (colored triangles). The 
release of these cytokines is associated with inflammation and their presence triggers the activa-
tion of the NFκB (green text box) and MAPK stress response pathways (purple text box), and 
renders islets non-functional, following induction of inducible nitric oxide synthase (iNOS; light 
blue box), the formation of NO (blue text box), and the induction of endoplasmic reticulum (ER) 
stress. As a result, islets experience subsequent stresses including the production of free radicals, 
apoptosis, and hypoxia, among others
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insulin-producing cells; (4) sensitivity to counter-regulatory hormones; (5) 
potential adverse effects of undifferentiated adult stem cells; and (6) potential in 
vivo migration of differentiated cells following implantation. A number of chal-
lenges need to be overcome before based on insulin-producing cell therapy will be 
utilized for diabetes treatment. One of the major problems to overcome is full mat-
uration of IPCs in vitro, and another is long-term survival of IPCs grafts. Although 
these problems still remain, we have every reason to believe that islet cell replace-
ment therapy and regenerative medicine will eventually be widely used in clinical 
practice and that these methods will result in new clinical efficacy or possibly even 
a cure for diabetes.
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