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2.1 Introduction

Stem cells occupy a special position in cellular hierarchy during differentiation and
development of any organism. These undifferentiated cells have the potential to
form any other cell type with specialized function and are characterized by their
ability to self-renew and to differentiate. Both these cellular properties are prime
requisites for the success of current regenerative medicine.

Depending upon the potential to differentiate into a particular lineage, stem
cells could be grouped into five types (Fig. 2.1).

1. Totipotent: A single cell capable of dividing and forming various differentiated
cells including extraembryonic tissues is known as totipotent or omnipotent
cell, e.g., a zygote.

2. Pluripotent: The pluripotent stem cells have the ability to differentiate into all
cell types of the three germ layers, i.e., ectoderm, mesoderm, and endoderm.
Inability to form extraembryonic tissues such as placenta is the only limitation
that makes them inferior to totipotent stem cells, e.g., embryonic stem (ES) cells.

3. Multipotent: Stem cells that demonstrate a restricted pattern of differentiation
toward few lineages are termed as multipotent cells such as hematopoietic stem
cell (HSC), which can develop into various types of blood cells but not into
brain or liver cells.
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4. Oligopotent: Oligopotent stem cells are able to differentiate into few cell types
of specific lineages such as lymphoid stem cells that can be differentiated only
into basophil, neutrophil, eosinophil, monocyte, and thrombocytes.

5. Unipotent: Unipotent stem cells can only differentiate into one particular cell
type such as hepatoblasts forming hepatocytes.

Besides normal developmental functions in multicellular organisms, these
mother cells are believed to be the holy grail of medical therapy with high promise
for regenerative medicine.

2.2 Engineering of Stem Cells

Stem cells with their unique differentiation potential may act as therapeutic tool to
cure diseases which are beyond treatment with routine drug therapy including
genetic disorders. Since stem cells are able to generate functionally active healthy
cells/tissues, ailments such as neurodegenerative diseases, cardiovascular diseases,
liver failure, diabetes, and renal failure where unhealthy cells that are at fault may
achieve significant alleviation by stem cell therapy (Fig. 2.2). Current medical
practices have not adapted these new therapy regimes routinely as most of them are
under clinical trials and not approved yet. The main challenges involve modulation
of stem cells toward lineage-specific differentiation in vitro and in vivo, monitor the
differentiation, and finally assess the success rate in clinic. Preliminary results
appear to be quite promising, which are discussed in the following sections.

2.2.1 Human Embryonic Stem Cells

The unique potential of human ESCs (hESCs) to differentiate into three main germ
layers and subsequent to any cell type of human body brought them into forefront
of biomedical research with a caveat of forming teratoma in vivo during differ-
entiation. However, recent progress in cell fate control, directed differentiation,

Fig. 2.1 Classification of stem cells: Depending upon the differentiation potential into different
lineages, stem cells are categorized as totipotent, pluripotent, multipotent, oligopotent, and
unipotent
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and tissue engineering crossed the boundaries of laboratory and extended to the
arena of regenerative medicine. hESC lines are conventionally derived from the
inner cell mass (ICM) of preimplantation-stage blastocysts, morula-stage embryos,
or late-stage blastocysts and express pluripotency markers (transcription factors—
Oct4, Sox2, Nanog; surface antigens—SSEA-4, SSEA-3; proteoglycans—TRA-1-
60, TRA-1-81) [1]. To maintain the undifferentiated state, these cells are co-
cultured with a support or feeder layer derived from mouse embryonic fibroblast
(MEF) that provides all the essential growth factors [1]. The reported success rate
for hESC derivation is highly variable, possibly due to variation in embryo quality
and culture conditions. Major progress had happened in derivation, propagation,
cryopreservation, and efficient passaging of hESCs. Since clinical application of
hESCs critically depends on well-characterized growth and differentiation of stem
cells, much effort was put in developing conditioned media that will enable feeder-
free growth of ESC cells and eliminate animal products [2, 3]. The original culture
system for the maintenance of hESC using MEF feeder cell layer support pos-
sesses risk of zoonosis transmitted by animal pathogens, potential activation of
animal retroviruses, and possibility of immune rejection due to the presence of
nonhuman sialic acid. Several approaches such as use of extracellular matrix
(ECM) derived from MEF than living feeder cells, hESC-derived fibroblasts,

Fig. 2.2 Schematic representation of differentiation process of embryonic stem cell (ESC), adult
stem cell (ASC), and induced pluripotent stem cells (iPSCs): While ESCs can generate three
germ layers via directed differentiation, it may give rise to teratomas through uncontrolled
differentiation in vivo. The ASCs have restricted potential to generate myogenic, osteogenic,
adipogenic, and neurogenic lineages under specified conditions. In contrary to ESC and ASC that
only differentiate toward specific lineage, iPSCs follow a dedifferentiation (from somatic cell)
and then differentiation to germ-layer-specific cellular lineages
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defined culture medium containing components solely derived from purified
human material, MEF-conditioned Matrigel layer to establish and maintain clin-
ical-grade hESCs cell lines are in progress [4]. However, these xeno-free and
feeder-independent culture systems are costly and laborious and may lead to
abnormal karyotype during long-term culture. Recently, Akopian et al. in con-
junction with the Internal Stem Cell Initiative Consortium (ISCIC) compared
several commercially available ESC culture media with Knockout Serum Repla-
cer, FGF-2, and MEF cell layers for propagation of several hESC cell lines
established in five different laboratories and showed that only mTeSR1 and
STEMPRO were able to support most cell lines up to 10 passages [2].

The next major challenge for translational application of hESC is to direct their
differentiation toward a specific cell lineage. The pioneer study by Itskovtz-eldor
et al. [5] showed that hESC cells were capable of forming ‘‘embryoid bodies’’ (EB)
comprised of three embryonic germ layers. In this study, hESCs were grown in
suspension to induce their differentiation into EBs. Formation of in vitro EB
required special cocktail of supplements and growth factors such as glutamine,
beta-mercaptoethanol, nonessential amino acids, leukemia inhibitory factor (LIF),
and basic fibroblast growth factor (bFGF). Under these conditions, majority of the
cells remained in an undifferentiated state. For the formation of EBs, ES cells were
transferred using either collagenase or trypsin/EDTA to plastic petri plates to allow
aggregation and prevent adherence. About one million ES cells were plated in each
of the 50-mm petri plates, and the hEBs were grown in the same culture medium
without LIF and bFGF. The differentiation status of the human ES cells and EBs
was determined by the expression pattern of several lineage-specific markers such
as gamma-globin (hematopoietic cells), alpha-cardiac actin (myocardial cells),
neurofilament (neuronal cells), and alpha-fetoprotein (endodermal cells).

Recently, Chen et al. performed a stepwise differentiation of ESCs to insulin-
secreting functional beta-cells where ESCs first formed a definitive endoderm in
the presence of indolactam-V and FGF, then Pdx1-expressing pancreatic pro-
genitors, followed by the formation of endocrine progenitors and eventually
insulin-producing beta-cells (Fig. 2.3) [6, 7].

Fig. 2.3 In vitro differentiation of ESCs into insulin-producing beta-cells: Indolactam-V guides
the differentiation of ESC into insulin-producing beta-cells via definitive endoderm, pancreatic
progenitor, endocrine progenitor, and beta-cells
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Thus, strategic development of tissue-specific adult cells with fully functional
potential from undifferentiated ES cells is possible and holds great promise for
translational application.

Transplantation of hESC-derived cells into human patients:
The first clinical trial using hESC-derived retinal pigment epithelium (RPE) to

establish the safety and tolerability in patients suffering from Stargardt’s macular
dystrophy and dry age-related macular degeneration was reported by Schwartz
et al. [8]. They transplanted a low number of (5 9 104) RPE cells into subretinal
space of patient’s eye suffering from different forms of macular degeneration.
Preoperative and postoperative ophthalmic examinations such as visual acuity,
fluorescein angiography, optical coherence tomography, and visual field testing
were performed for its validation (clinicaltrials.gov #NCT01345006 and
#NCT01344993). This pilot study generated enthusiasm and hope for cell therapy
trials in humans with ESCs, which was sidelined due to the adverse effect of
generation of teratoma and ethical regulation. Since isolation of ESCs requires
creation, treatment, and destruction of human embryos, hESC research always
faces criticism and tight ethical regulation. The effort then moved toward using of
adult stem cells, which in spite of limited differential potential has turned out to be
a great source for cell therapy application.

2.2.2 Adult Stem Cells

Each adult organ in human body harbors a small population of stem cells that have
the ability to maintain tissue homeostasis. These ‘‘adult stem cells’’ remain in
quiescent or nondividing state until activated by any injury or disease, and they
have limited ability to differentiate into organ/tissue-specific lineages. The com-
mon ones are HSCs, mesenchymal stem cells (MSCs), neuronal stem cells,
umbilical stem cells, cardiac stem cells, retinal stem cells, and limbal stem cells
that reside in their respective tissues. Unlike ES cells, adult stem cells do not
require a feeder layer or supporting cells for their growth and thus easier to be
engineered using different media, growth factors, and small molecules. They also
do not pose a risk for developing teratoma and thus preferable in regenerative
medicine and stem cell therapy. However, immune rejections of adult stem cells
pose serious challenge in certain cases.

2.2.2.1 Hematopoietic Stem Cells

Pioneering studies in engineering of HSCs started in early 1990s at National
Institute of Health for the treatment of patients suffering from adenosine deami-
nase (ADA) deficiency. These patients were treated with genetically modified
CD34+ hematopoietic progenitors using retroviral vectors carrying different
transgenes. Out of four successfully treated patients suffering from SCID, three
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continued doing well up to 3.6 years after gene therapy, whereas one patient
suffered serious adverse effect. During a routine checkup after 30 months of gene
therapy, lymphocytosis consisting of a monoclonal population of Vc9/Vd1, c/d T
cells of mature phenotype was detected. One pro-viral integration site was found
on chromosome 11 within the LMO-2 locus. This insertion leads to an aberrant
expression of the LMO-2 transcript in the monoclonal T-cell population (char-
acteristics of acute lymphoblastic leukemia) [9].

These adverse events have resulted in discontinuation of the use of such long
terminal repeat (LTR)-driven gamma-retroviral vectors for the genetic manipu-
lations of HSCs, but at the same time, it provided a major thrust for developing
novel approaches. New and modified types of retroviral vector such as a ‘‘self-
inactivating’’ (SIN) vector [10], lentiviral vectors [11], and lineage-restricted
vectors [12] are now entering the clinic. These vectors might reduce the risk of
transactivation of proto oncogenes after semi random integrations.

Thrombocytopenia, a deficiency in blood platelets, is a major consequence of
several hematological malignancies and chemotherapy [13]. In vitro platelet
production from hematopoietic stem and progenitor cells (HSPCs)-derived
megakaryocytes (Mks) could augment the supply and elude problems associated
with bacterial and viral contamination, as well as immune rejection. Panuganti
et al. [14] using HSPCs developed a three-stage strategy for ex vivo expansion of
high-ploidy megakaryocytic cells for large-scale platelet production (Fig. 2.4).
The CD34+ HSPCs culture was started in a cytokine cocktail at 5 % O2 (pH 7.2).
At day 5, cells were shifted to 20 % O2 (pH 7.4) and maintained in 1 of the 17
cytokine cocktails (identified using a 24 factorial design of experiment method to
evaluate the effects of interleukin (IL)-3, IL-6, IL-9, and high- or low-dose stem
cell factor (SCF) in conjunction with thrombopoietin (Tpo) and IL-11) for
expansion of mature Mks from progenitors. The combination of Tpo, high-dose
SCF, IL-3, IL-9, and IL-11 produced maximum Mk expansion. These Mks when
cultured in IMDM ? 20 % BIT 9,500 gave rise to platelets with functional
activity similar to that of fresh platelets from normal donors, as validated by basal
tubulin distribution and the expression of surface markers.

Later Eric Lagasse showed in vivo differentiation of purified HSCs into
hepatocytes in a mouse model of a lethal hereditary liver disease. As few as 50
adult HSCs injected intravenously had the capacity to reconstitute hematopoiesis
and produce hepatocytes [15].

2.2.2.2 Mesenchymal Stem Cells

MSCs comprised of the major portion of adult stem cells were first identified by
Friedenstein from adult bone marrow [16]. These MSCs were shown to differen-
tiate into osteoblasts, chondrocytes, adipocytes, and hematopoietic supporting
stroma when a single colony-forming unit-fibroblast (CFU-F) was transplanted
in vivo [17].
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MSCs can easily be cultured on petri dishes, and their lineages are determined
by specific cell markers or enzyme assays. Researchers have shown that MSC can
differentiate toward adipocytes or osteocytes in vitro when cultured in adipogenic
or osteogenic induction media. During adipogenic induction, the differentiated
adipocyte cells stain oil red O-positive indicating a lipid-laden adipocyte pheno-
type. Similarly, differentiated osteocytes show calcification when stained with
alizarin red for calcium deposits [18]. However, determination of the lineage
identity in vivo is quite challenging and active research is going on to identify
lineage/differentiation-specific biomarkers. A tabulated form of lineage-specific
differentiation of MSCs is shown in Fig. 2.5. MSCs can be isolated during routine
surgical procedures such as tooth extraction, baby delivery (from placenta and
cord blood), or through some special isolation techniques from adipose tissues or
bone marrow. These cells can be directed toward lineage-specific differentiation
even toward bone using synthetic or natural scaffolds to attain the proper three-
dimensional structures. A wide variety of natural and synthetic materials are being
tested as scaffolds for bone regeneration. Natural proteins such as collagen [19–
21], fibrin [22], silk [23–25], and polysaccharides such as hyaluronic acid and
chitosan [26–29] are optimal choices as bone scaffolds. These materials have the
advantages of biocompatibility and biodegradability with limited toxicity and may
be molded to maintain mechanical flexibility of human bones [22]. Recently,
Hassani et al. showed the potential of human endometrial stem cells (EnSCs) to
form urinary bladder epithelial cells (urothelium) on nanofibrous silk–collagen
scaffolds for construction of the urinary bladder wall [30].

A major thrust area for stem cell therapy is acute myocardial infarction where
disruptions of blood supply to the heart muscle cells lead to myocardial infarction
or death of cardiomyocytes. Attempts to use stem cells to reduce infarct size and
enhance cardiac function in animal models and patients have been exponentially
increased in the last decade [31]. Bone marrow and fat tissues serve as the major
source of MSCs for cardiovascular disease [32]. Differentiation of mouse BM-
MSC into myogenic lineage in vitro has been reported using culture medium
supplemented with 5-azacytadine at a concentration of 3 lmol/L for 24 h [33].
The purified hMSCs from adult bone marrow engrafted in the myocardium
appeared to differentiate into cardiomyocytes. The persistence of the engrafted
hMSCs and their in situ differentiation in the small animal models paved the way
to use these adult stem cells for human cellular cardiomyoplasty [34].

The enormous potential of various adult stem cells in curing diverse diseases
encouraged researchers to explore their potential systematically either in vitro or

Fig. 2.4 Production of platelet forming MK cells from HSCs: Schematic representation of step-
by-step differentiation of HSCs into MK progenitor, mature MK, polyploid MK, and proplatelet
forming MK under a series of cytokine cocktails with increasing pH and pO2
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in vivo condition. Some of these examples on MSC-based applications are men-
tioned in Table 2.1.

2.2.3 Induced Pluripotent Stem Cell

While stem cell therapy is emerging as a promising alternative for diseases and
genetic disorders where drugs or gene therapy fail, it is limited by availability and
stringent culture conditions. Exploiting epigenetic influence on phenotypic out-
come, researchers have developed powerful genetic platforms for reversal of
differentiated adult cells back to an embryonic state. Such reprogrammed cells are
known as ‘‘induced pluripotent stem cells (iPSCs),’’ and the reprogramming
strategies include ‘‘therapeutic cloning’’ and ‘‘nuclear reprogramming.’’ Both
these strategies act through ectopic introduction of a small number of pluripo-
tency-associated transcription factors into differentiated tissue-specific cells. iPSCs
have the ability to differentiate into any of the three germ layers, ectoderm,
mesoderm, and endoderm and the respective lineage-specific fully differentiated
and functional cells/tissues.

Fig. 2.5 Schematic representation showing differentiation of MSCs to various lineages: MSCs
are like gold mines for the regenerative medicine since they could be directed toward any of the
cell types through commitment, lineage progression, differentiation, and maturation. A single
MSC can differentiate into bone, cartilage, muscle, bone marrow, tendon/ligament, adipose
tissue, and connective tissue using appropriate developmental cues
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The concept of iPSCs demonstrated long back by Sir John Gurdon when he
successfully cloned a frog using intact nuclei from intestinal epithelium cells of
[42]. Later, he showed that even nuclei from terminally differentiated adult cells
(e.g., blood cells, skeletal muscle, and kidney cells) could generate Xenopus larvae
with nuclear transfer [42]. Decades later, in 2006, Takahashi et al. demonstrated
the ability of adult mouse fibroblasts to reprogram themselves into pluripotent
stem cells by introduction of four key transcription factors (Oct3/4, Sox2, c-Myc,
and Klf4) [43]. In November 2007, two independent studies were published
simultaneously on successful transformation of differentiated human cells into
pluripotent stem cells. While Takahashi et al. used retroviral delivery Oct3/4,
Sox2, Klf4, and c-Myc combinations to induce pluripotency in human fibroblasts,
Yu et al. delivered Oct4, Nanog, Sox2, and LIN28 by lentiviral transduction in
hESC-derived mesenchymal cells to induce pluripotency [44, 45]. These
groundbreaking experiments by Sir Gurdon and Yamanaka and his group were
acknowledged by Nobel Prize award in 2010.

The most exciting and oversimplified part of iPSC generation is that a com-
bination of only four transcription factors is able to reverse the differentiation
process. To identify this main core of pluripotent factors, Yamanaka et al. (2006)
evaluated twenty-four candidate genes and Thomson et al. (2007) screened sixteen
transcription factors in an assay system in which the induction of the pluripotent
state could be detected through the development of resistance to neomycin gene.

Table 2.1 In vitro differentiation of adult stem cells to their respective lineages using small
molecules, appropriate scaffold stiffness, cocktail of drugs and culture media

Cell type Culture condition Lineage Reference

hESC Ascorbic acid Cardiac myocytes [35]
BM-MSCs Ascorbic acid, BMP2, dexamethasone, TGF-

beta, and insulin
Osteogenic [36]

DMEM/10 % FBS ? 0.5 lM dexamethasone,
0.5 mM isobutyl-l-methylxanthine, and
10 lg/ml insulin

Adipogenic [37]

DMEM/10 % FBS, 100 nM dexamethasone,
10 mM b-glycerophosphate, and 50 lM
ascorbic acid

Chondrogenic [37]

Laminin-1 without serum and differentiation
growth factors, valproic acid, insulin, and
butylated hydroxyanisole

Neurogenic [36, 38]

Cardiac MSC 5 % FBS in 5 mM all-trans retinoic acid,
5 mM phenyl butyrate, and 200 mM
diethylenetriamine/nitric oxide

Myogenic [36, 39]

Transferrin, IL3, IL6, and VEGF
MSC 1. Osteogenic differentiation on stiffness

(45–49 kPa)
Osteogenic [40]

2. Myogenic differentiation (13–17 kPa) Myogenic
Limbal

stem cell
Human amniotic membrane ? human corneal

epithelial cell medium ? autologous serum
Limbal epithelium [41]
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Both the groups identified Oct4, Sox2, and Nanog as the major pluripotency
determinants. Though promising, the current iPSC reprogramming method expe-
riences certain drawbacks such as

1. Requires host cell to be genetically engineered to express a drug resistance gene
driven by a marker of pluripotency.

2. Requires viral-mediated integration of transgenes into the genome.
3. Reactivation of c-Myc in differentiated progeny of the induced ES-like cells is

common and may result in tumor formation [46].

Thus, alternative approaches such as use of purified transcription factors,
replacement of c-Myc, and strategy to avoid drug resistance selection method are
being explored [47].

Their et al. [48] reported generation of TAT-modified cell permeate versions of
recombinant Oct4 and Sox2 proteins (Oct4 TAT and Sox2 TAT), and later, Zhou
et al. generated protein-piPSCs from murine embryonic fibroblasts. The deleteri-
ous effects of c-Myc could be circumvented by using n-myc, and host cell need not
be drug resistant if using serum-free condition for iPSCs generation [49]. Recently,
miRNA particularly the miR302/367 cluster was used to generate iPSCs from
mouse and human somatic cells without adding the exogenous transcription fac-
tors. This miRNA-based reprogramming was found to be more efficient (twofold)
than the standard Oct4/Sox2/Klf4/Myc-mediated reprogramming and ultimately
overcome the deleterious effect of c-Myc reactivation [50].

Using the above-mentioned methods, one can now generate individual-specific
iPS cell lines to derive patient-specific progenitor cells and eliminate immune
rejection crisis. Moreover, iPSC-based technology will facilitate the production of
cell line panels that closely reflect the genetic diversity of a population enabling
the discovery, development, and validation of therapies tailored for each indi-
vidual. Till today, iPSCs has been generated from ten different species mouse,
human, rhesus monkey, rat, dog, rabbit, horse, and bird [43, 44, 51–58] and into
various lineages as listed in Table 2.2.

However, it still would be a long way for iPSCs to reach the clinic, which
requires stringent and systematic validation of lineage-specific differentiation.

2.3 Monitoring of Stem Cells

Success of regenerative medicine and stem cell therapy depends on efficient
in vivo differentiation of stem cells into specific lineages. Monitoring of engi-
neered stem cells in cell cultures and in vivo before and after transplantation is a
prerequisite for any stem cell application. It is also necessary to perform such
studies directly in living subjects in a longitudinal, reliable, and accurate manner.
Various microscopic techniques are extensively used for detail visualization of
growth, differentiation, and functional validation of stem cells and iPSCs in cul-
tures. Some of these techniques are also utilized for monitoring of the stem cells in
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living subjects with high resolution. In parallel, macroscopic or noninvasive
in vivo imaging modalities turn out to be indispensible for longitudinal monitoring
of translational applications. Commonly used noninvasive imaging modalities for
stem cell therapy are radioisotopic imaging (PET or positron emission tomography
and SPECT or single-photon emission computed tomography), CT, ultrasound,
magnetic resonance imaging (MRI), and optical imaging (bioluminescence and
fluorescence). The next two sections will elaborate microscopic and macroscopic
imaging of stem cells, an essential requirement for clinical application (Fig. 2.6).

2.3.1 Microscopic Techniques

For centuries, microscopy is an indispensable tool for visualizing dynamics of
biomolecules in live cells. Optical microscopic techniques including conventional
light (phase contrast) microscopy, fluorescence microscopy, confocal and multi-
photon microscopy, intravital microscopy (IVM) have emerged as powerful tools
for noninvasive monitoring and characterization of engineered stem cells and
tissues [67].

2.3.1.1 Phase Contrast Microscopy

The age-old phase contrast microscopy is routinely required to monitor the culture
conditions and kinetics of HSCs during their expansion for therapeutic use.
Recently, these microscopes were improved with automated time-lapse system to

Table 2.2 In vitro differentiations of species-specific iPSCs toward various lineages in their
respective culture condition

iPSCs Culture condition Lineage Species Reference

Murine Valproic acid, zonisamide, and
estradiol

Neural Rat model of
ALS

[59]

ES medium without LIF for the
first 4 days and day 5 onwards
in differentiating medium
supplemented with RPE-
conditioned medium

RPE Mouse [60]

Human Serum-free embryoid-body-like
aggregates

Dopaminergic neurons Mouse [61]

Keratinocyte growth factor and
fibroblast growth factor

Hepatocyte-like cell Human [62, 63]

Embryoid bodies Erythropoietin Human [64]
EGF and bFGF Oligodendrocyte

progenitors
Rat model [65]

Porcine Activin A, bFGF, BMP-4, and
oncostatin

Hepatic Porcine [66]
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capture the mitotic divisions of stem cells such as multipotent C3H10T1/2 mes-
enchymal and C2C12 myoblastic stem cells in real time [68, 69].

2.3.1.2 Fluorescence Microscopy

The complexity of the biological samples can be unraveled by labeling specimen
with a fluorophore to achieve single-cell resolution when monitored with fluo-
rescent microscopes. Stem cell labeling for fluorescence microscopy includes
DNA binding dyes (such as Hoechst dye, BrdU, DAPI), nanoparticles and quan-
tum dots, the later ones are also suitable for in vivo imaging. These labeling
methods can only be used for short-term cell tracking due to loss of fluorophores
through cell division. For long-term monitoring, tracking, engraftment and dif-
ferentiation of stem cells, genetic manipulation with fluorescent proteins of dif-
ferent excitation and emission spectra (GFP and RFP and their mutants) is an ideal
approach. These proteins can also be coupled to another protein to act as molecular
reporters in living cells [70].

Tumbar et al. [71] developed a new strategy to identify multipotent epithelial
stem cells (ESC) in their native environment by fluorescent labeling. These qui-
escent cells residing in the bulge of hair follicles can differentiate into various cell
types upon stimulation. Transgenic mice expressing a H2B-GFP fusion protein
under tetracycline-regulated keratinocyte-specific K5 promoter showed specific
GFP expression only in rapidly dividing skin epithelium. Administration of
doxycycline led to the loss of GFP expression in the keratinocytes but not in the

Fig. 2.6 Imaging modalities for in vitro and in vivo monitoring of stem cells: Naive or engineered
stem cells in in vitro culture or transplanted in living subjects can be visualized noninvasively
either by microscopic or by macroscopic imaging techniques. Microscopic modalities include
phase contrast microscopy, intravital microscopy, confocal and two-photon microscopy, whereas
macroscopic modalities include radionuclide-based (positron emission tomography or PET and
single-photon emission computed tomography or SPECT) and nonradionuclide-based (MRI,
ultrasonography imaging, bioluminescence, and fluorescence) imaging
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SCs due to their slow cycling and quiescent nature. The fluorescence microscopy
of the sections from the keratinocytes clearly demonstrated the label-retaining
capability of SC niche. This method was later used by many research groups to
isolate and purify the label-retaining cells (LRCs) or SCs for further character-
ization [70, 71].

Fluorescent probes with emission wavelengths in the near-infrared (NIR)
spectra (*700–800 nm) enhance the feasibility of tracking cells in vitro and in
small animal models due to high depth penetration and lower absorption and
scattering [72]. Several dyes including NIR fluorochrome DiD, a lipophilic dye
that binds to the cell membrane, have proven effective for both in vitro labeling of
MSCs and in vivo cell tracking with optical imaging [73, 74].

As described in Sect. 2.2.3, direct reprogramming of somatic cells into iPSCs
can be achieved by overexpression of four reprogramming factors (RFs). A
dynamic fluorescence microscopy study of iPSCs expressing Nanog-GFP suggests
that the number of cell divisions is a key parameter of driving epigenetic repro-
gramming to pluripotency [75]. Similarly, fluorescence microscopy combined with
long-term time-lapse imaging and single-cell tracking revealed the ‘‘birth’’ of
pluripotent cells and early iPSC clusters from murine embryonic fibroblasts
transduced with multicistronic lentiviral vectors carrying RFs (Klf4, Sox2, Oct4,
Myc) tagged with different fluorescence proteins (GFP, RFP, YFP) [76].

2.3.1.3 Confocal Microscopy and Multiphoton Microscopy

A major drawback of fluorescence microscopy is that irrespective of the vertical
focusing of the specimen, illumination causes the entire specimen to fluoresce and
is unable to produce tomographic images. Confocal microscopy, multiphoton
microscopy, and intravital microscopy are competent of generating tomographic
imaging essential for localizing fluorescent targets in three-dimensional space
[77–79].

In a recent study, transgenic ES cells co-expressing myristoylated RFP (labels
plasma membrane) and histone H2B-GFP (labels active chromatin) fusions were
introduced into a nontransgenic embryo and then dissected out of the maternal
uterus at mid-gestation period and cultured ex utero on the stage of a confocal
microscope. These labeled ES cells produced information on dynamic changes in
morphology and chromatin distribution that occurred during mitotic progression
[80]. The powerful confocal/two-photon hybrid microscopy can also track the
clonal history of HSPCs expressing various fluorescence proteins noninvasively in
intact tissues, including bone marrow with long-term monitoring after transplan-
tation [81].
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2.3.1.4 Intravital Microscopy

Intravital microscope (IVM) can be referred as ‘‘microscope for living subjects,’’
which enables single-cell imaging in thin sections of live tissues [82]. In a
remarkable study, Rompolas et al. [83] monitored the regeneration of hair follicles
temporarily in a transgenic mouse expressing H2B-GFP driven by keratin 14
promoter. They demonstrated that stem cells are quiescent during initial stages of
hair regeneration and their progeny is actively dividing within follicular organi-
zation [83].

In another elegant study, Takayama et al. [84, 85] imaged the functioning of
human iPSC-derived platelets during thrombus formation by intravital microscopy
in live mice. The study demonstrated that transient expression of c-Myc was
critical for efficient platelet generation from human iPSCs, which were capable of
mediating hemostasis and thrombosis in a laser-induced vessel wall injury.

2.3.2 Macroscopic Imaging Modalities

Though microscopic imaging techniques can generate critical information, they
are restricted at cellular level and do not depict the kinetics, distribution, and
location of in vivo differentiation of stem cells in a living subject. Even IVM
requires an artificially created ‘‘window chamber’’ or ‘‘tissue flap’’ at the body
surface and is not applicable for deep tissue imaging. Recent developments in
macroscopic or in vivo imaging modalities enable the ‘‘visualization, character-
ization, and measurement of biological processes at the molecular and cellular
levels in humans and other living systems.’’ Along with other applications, these
modalities are now widely used for imaging stem cell delivery, migration and
localization, cell viability, and therapeutic effects in various diseases [86–88].

The Six commonly used modalities for imaging stem cell therapy are ultra-
sound, CT, SPECT, PET, MRI, and optical. For many instances, multimodality
approaches that can collectively assess different parameters specific for each
modality are gaining popularity. For imaging the stem cells in vivo, it is required
to label the cells with an appropriate probe. The two important methods for
labeling cells are as follows:

(a) Direct labeling such as with magnetic resonance contrast agents, radionuc-
lides, fluorophores, and nanoparticles.

(b) Indirect labeling with reporter genes.

Direct labeling of cells poses limitation to long-term monitoring since the signal
gets diminished by dilution or loss of labeling agents via cell division or differ-
entiation. This limitation can be overcome with ‘‘indirect-labeling strategy’’ where
cells are exogenously labeled with reporter genes (bioluminescence, fluorescence,
PET, SPECT, or MR reporters) and then implanted for imaging. Indirect labeling
requires genetic manipulation of the cells that are often not possible to follow in
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clinics [86–90]. However, both the strategies have own advantages and disad-
vantages and should be implemented by experimental need.

2.3.2.1 Radionuclide Imaging

Majority of the radionuclide imaging techniques follow direct-labeling strategies
and are extensively used in human studies. Both radionuclide imaging techniques,
i.e., PET and SPECT, have picomolar sensitivity and high tissue penetration with
least attenuation and are tomographic in nature.

Positron Emission Tomography (PET)

In PET, two 180� apart high-energy (511 keV) gamma rays produced by the
annihilation of a positron (from the radioactive atom) with a neighboring tissue
electron are captured by detectors and produce a three-dimensional image of
functional processes in living subjects. The commonly used positron-emitting
isotopes are 11C, 13N, 15O, 124I, 64Cu, and 18F. The widely used PET tracers in
clinic are 2-deoxy-2-18F fluoro-D-glucose (18F-FDG, which images glucose
metabolism) and 3-deoxy-3-18F fluorothymidine (18F-FLT, which images cell
proliferation). Several studies have elaborated the use of PET imaging approach
for the stem cells therapy in various human disorders [91–100] (Table 2.3). Some
studies have also used small animal models for studying the role of human stem
cells in homing, engraftment, and survival through PET imaging [101–105].

Herpes simplex virus type 1 thymidine kinase (HSV-tk) is the most widely used
reporter gene for PET imaging for preclinical as well as clinical studies [90].
18Fluorine-labeled FIAU (20-fluoro-20-deoxy-b-D-arabinofuranosyl-5-iodouracil)
and FHBG (9-(4-fluoro-3-hydroxy-methyl-butyl) guanine) are the two common
reporter probes used for HSV1-tk. This reporter gene–reporter probe approach has
been used to monitor viability of stem cells after transplantation in myocardium,

Table 2.3 Stem cell therapy studies using PET imaging approach in human

Stem cells Radionuclides Applications Reference

HSCs 18F-FDG Homing and tissue distribution of
intracoronary injected peripheral
HSCs

[106]

MSCs 18F-FDG Functional efficacy of MSC therapy in
patients with multiple system atrophy

[107]

Cord blood stem cells
(CBSC)

18F-FDG CBSC transplant in patients for local
engraftment and reconstitution of
haematopoiesis

[108]

CD33 ? bone
marrow stem cells

13N-ammonia and
18F-FDG

Improvement in the myocardial perfusion
in patients AMI

[109]

HSCs 18F-FDG HSC therapy for osteosarcoma [110]
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tracking, and survival of autologous MSCs in pig myocardium and tumor stroma
[111, 112].

Recently, human sodium iodide symporter (hNIS) gene has emerged as an
important PET reporter gene that could be used for SPECT imaging as well.
Uptake of 124Iodine was seen in areas deficit of myocardial perfusion in rat
myocardium injected with MSCs expressing hNIS gene by PET imaging [113].
NIS-mediated 124I PET imaging was also used to monitor the delivery and survival
of endothelial progenitor cells (EPCs) after transplantation into the rat heart [114].
Some other promising PET reporter genes for stem cell therapy are dopamine 2-
like receptor (D2R), human somatostatin receptor subtype 2 (hSSTr2), human
norepinephrine transporter (hNET), neurotensin receptors, and cytosine deaminase
[115].

Stem cell therapy is often benefited from multimodality imaging approaches. In
an elegant study, Cao et al. [116] monitored the survival, proliferation, and
migration of ESCs expressing a triple fusion (TF) reporter comprised of a fluo-
rescence (mrfp), a bioluminescence (fluc), and a PET reporter (ttk) gene after
transplantation into rat myocardium for 40 days (Fig. 2.7). Some studies have used
bifusion reporters such as tk-GFP to monitor neuronal stem cell, therapy in
treatment of malignant glioma [117].

Single-Photon Emission Computed Tomography (SPECT)

In contrast to PET imaging, SPECT imaging is a log-order less sensitive technique
due to the presence of collimators (to restrict detection of nonspecific random
gamma rays) between the detectors. The widely used SPECT radionuclides are
99mTc, 111In, and 123I. SPECT imaging probes are extensively applied to image
in vivo trafficking and biodistribution of MSCs in myocardial injuries in large
animal models [118–120]. Some human clinical studies have also used 111In-oxine
to track bone marrow stem cells or pro-angiogenic progenitor cells in acute and
chronic myocardial injuries. Goussetis et al. [121] performed SPECT imaging with
99mTc hexamethylpropyleneamine-oxime-labeled autologous CD133-CD34+ bone
marrow progenitor cells transplanted in patients with ischemic cardiomyopathy.
Higher uptake of radioactivity was observed in the infracted area of the heart,
suggesting preferential migration and retention of stem cells in the chronic
ischemic myocardium.

Both HSV1-tk and hNIS genes can serve as SPECT reporter genes in combi-
nation with probes labeled with SPECT isotopes (123I/125I-labeled probes FIAU or
99mTc) [113, 122]. Table 2.4 summarizes various studies involved in stem cell
visualization by SPECT in human. Studies related to small animal models can be
found in other articles [123–125].
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2.3.2.2 Optical Imaging

Optical imaging has emerged as an established tool to assess efficacy and treatment
outcomes for cell-based therapeutics in preclinical models. Two optical imaging
methods, bioluminescence, and fluorescence are extensively used in stem cell
research.

Fluorescence Imaging (FLI)

Fluorescence imaging is the only modality that directly translates the finding/
observation from live cell to live animals. However, due to inherent autofluores-
cence and signal attenuation issues, whole-body FLI has not been extensively used
for stem cell therapy. Tzukerman et al. [133] applied fluorescence imaging to
demonstrate the growth and invasiveness of cancer cells in the niche of teratomas

Fig. 2.7 Multimodality imaging for long-term monitoring of mouse embryonic stem cells
expressing a triple fusion reporter (ES-TF): a Representative images of animal injected with ES-
TF in infracted rat heart showed significant increase in bioluminescence (top) and PET (bottom)
signals from day 4, week 1, week 2, week 3, and week 4. b Quantification of imaging signals
showed a drastic increase in luciferase and thymidine kinase activities from week 2 to week 4.
c Quantification of cell signals showed a robust in vivo correlation between bioluminescence and
PET imaging (r2 = 0.92). (Reprinted from Cao et al. [116] with permission)
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derived from hESCs. Tao et al. [134] reported that e-GFP is a better probe than
DS-Red protein for long-term monitoring of HSCs.

Other than reporter gene strategy, FLI can be performed with exogenous contrast
agents such as quantum dots, nanoparticles, and fluorescent dyes that emit light in the
visible, red, and near-infrared region. Inorganic fluorescent semiconductor nano-
crystals (quantum dots, QDs) are rapidly replacing organic fluorophores like indo-
cyanine green with NIR emission due to their ability for multiplex imaging [135]. Lin
et al. [136] for the first time demonstrated the in vivo multiplex imaging of mouse ES
cells labeled with six quantum dots (QDs). The six emission spectra from all the six
QDs were recorded with a single excitation light source. These QDs are emerging as a
promising tool for tracking stem cells within deep tissues noninvasively in vivo.
Human ESC-derived cardiomyocytes (hESCs-CM) were also labeled with indocy-
anine green for noninvasive tracking by fluorescent imaging [137].

Bioluminescence Imaging (BLI)

Among all the functional imaging modalities, BLI acts only through reporter
gene–reporter probe strategy and has been extensively used for monitoring stem
cell therapy. Though restricted to small animals, bioluminescence imaging

Table 2.4 Stem cell therapy studies using SPECT imaging approach in human

Stem cell types Radionuclides Applications Reference

MSCs 111In-tropolone Delivery, tracking, and
differentiation of stem
cells

[126]

BM-MSCs 111In-oxide Monitoring blood flow and
bone metabolism after
cell transplantation

[127]

CD34+ stem cells 99mTc hexamethylpropyleneamine
oxime

5-year follow-up of CD34+

stem cell in
nonischemic
cardiomyopathy
patients

[128]

MSCs 99mTc-pertechnetate Demonstrate the feasibility
of MSCs as virus
carriers to ovarian
tumors in phase I
clinical trails

[129]

BM-MSCs 99mTc-sestamibi Improvement in cardiac
function after BMMSCs
transplantation in
patients with acute
myocardial infarction

[130]

Autologous
CD34+ cells

99mTc-exametazime Homing of transplanted
cells to injured
myocardium

[131]

BM-HSCs 99mTc Repair efficacy for ischemic
heart

[132]
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generates essential clues on differentiation, behavior, and viability of stem cells
after transplanted in small animals, assisting to predict the behavior of stem cell
therapy in humans. A glimpse of the large number of BLI-based studies is sum-
marized in Table 2.5, and a few important studies are discussed.

Tsuji et al. [138], using iPSC-derived neurospheres in a mouse model of spinal
cord injury, demonstrated that iPSCs can ‘‘safely’’ promote locomotor function
recovery in injured mouse models with BLI. They observed that these cells can
even differentiate into trilineage neural cells in the injured spinal cord. In another
study, Daadi et al. [139] investigated the efficacy of human neural stem cells
(hNSCs) derived from human ES cells to repair brain injury. In this study, rats with
neonatal HI (hypoxic-ischemic) brain injury were implanted with hNSCs
expressing luciferase and their survival was monitored using BLI. The study
suggests that hNSCs transplants are able to enhance brain injury repair in response
to HI brain injury and that the location and survival can be monitored noninva-
sively. Further, the deleterious effect of ESC differentiation on teratomas was
spatially and temporally monitored by Cao et al. [116] with high sensitivity, which
was not possible with other imaging modalities (Fig. 2.7).

2.3.2.3 Magnetic Resonance Imaging

MRI is the sole imaging modality that generates both functional information and
anatomical information. Among all the other noninvasive imaging techniques,
MRI has the highest spatial resolution (*100 lm) and thus is the most preferred
strategy for stem cell imaging. Since endogenous molecules (such as H2 atoms) do
not generate enough contrast to achieve that high resolution, supra-paramagnetic
iron oxide (SPIOs) and paramagnetic nanoparticles are often used to label the cells
to enhance image contrast. However, SPIO-based MRI is not well suited for long-
term monitoring since SPIOs get diluted with cell proliferation and are often
engulfed by macrophages [86]. Chelated gadolinium (Gd3+), manganese (Mn2+),
and iron (Fe3+) could also act as contrast agents. Recently, certain metal-ion-based
enzymes namely metalloproteinase, transferrin, ferritin, tyrosinase are being
evaluated as reporter genes in MR imaging [87].

In contrast to optical imaging where smaller animals such as mouse and rat are
preferred as model systems, MR-based stem cell imaging is tested both in smaller
and larger animals and in humans. The first autologous transplantation of iron
oxide-labeled iPSCs reprogrammed from canine adipose stromal cells and fibro-
blasts showed repair of infracted myocardium and hindlimb ischemia by MR
imaging in adult mongrel dogs [158]. Similarly, an enhanced effect of combining
human cardiac stem cells and bone marrow MSCs to reduce infarct size and restore
cardiac function after myocardial infarction was followed by MR imaging in a
Yorkshire swine model [159].

To overcome the shortcoming of the contrast agents, reporter-gene-based
strategies are also being employed in stem cell imaging by MR. Liu et al. [160]
showed that engraftment of transgenic mouse ESCs expressing human ferritin
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heavy chain (FTH) resulted in increased cellular iron uptake and MRI contrast and
did not interfere with stem cell pluripotency, neural differentiation, and teratoma
formation.

Stem cell therapy has immense potential to treat neurodegenerative diseases,
traumatic injury, and stroke. However, risk is associated with intracranial surgery
used to deliver the cells to the brain. In some studies, MRI was combined with
ultrasound modality to obtain higher sensitivity and resolution. For targeted
delivery of neural stem cells to brain, Burgess et al. [161] employed MRI-guided
focused ultrasound (MRIgFUS) imaging to monitor noninvasive delivery of stem
cells from the blood to the brain by opening the blood–brain barrier at specific
regions (striatum and hippocampus) in rat brain. Entry of cells crossing the BBB to
brain was verified by MRI. The study also demonstrated that these stem cells
started expressing double cortin, a marker of immature neurons, indicating
occurrence of in vivo differentiation. An excellent review by Qiu et al. [162]
described many such MRI-based studies for stem cell therapy such as migration
and homing of hematopoietic stem–progenitor cells to injured arteries and ath-
erosclerosis, stem–progenitor-cell-mediated vascular gene therapy, and several
novel techniques for magnetic labeling of stem or progenitor cells. Table 2.6
describes some of the MRI-based stem cell tracking studies in living subjects.

2.3.2.4 Ultrasound Imaging

Ultrasound imaging (US) utilizes the interaction of sound waves with living tissue
to produce an anatomical image. Since US imaging is the only modality that
generates real-time images during scanning, several investigators are using this
technology for longitudinal monitoring of stem-cell-mediated tissue repair and
vessel formation. One such application was shown by Watts et al. [173] where
equine fetal-derived embryonic-like stem cells (fdESCs) expressing Oct 4, Nanog,
SSEA-4, TRA-1-60, TRA-1-81 stem cell markers and telomerase were implanted
in equine flexor tendonitis model through intralesional injection. Thoroughbred
horses (n = 8) were induced with tendon injury in the mid-metacarpal region of
the superficial digital flexor tendon and injected with fdESCs, and serial ultrasound
examinations were performed. After 8 weeks, significant improvement in tissue
architecture, tendon size, tendon lesion size, and tendon linear fiber pattern was
found by US imaging, which was further corroborated by tissue histology.

To enhance the contrast of signal intensity of US imaging, microbubbles (MBs)
tagged with nanoparticles, antibodies, or other signatures are being developed.
Such an approach was demonstrated by Leng et al. [174] where biocompatible
polymer MBs were internalized by human bone-marrow-derived MSCs (MB-
MSCs) and used for US imaging. Nude mice injected with MSCs and MB-MSCs
in the hindlimb region were temporally imaged by ultrasound, which showed that
the MB-MSCs are acoustically active in vivo and can be imaged for at least 4 h
from the time of injection [174].
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2.3.2.5 Computed Tomography

X-ray CT is a purely anatomical imaging modality, which generates high-reso-
lution three-dimensional anatomical images. CT imaging, however, can be applied
to monitor degree of differentiation of embryonic or adult stem cells. Arporn-
maeklong et al. [175] demonstrated that undifferentiated hESCs can be cultivated
in osteogenic medium to increase the quantity of osteoblast-like cells (hESCs-OS).
These hESCs-OS when transplanted in mice with calvarial defects showed limited
mineralization of tissue in central region, margin of defect, and calvarial bone
adjacent to the defect site by micro-CT imaging. Image analysis revealed that bone
mineral density of the new bone in the cranial defect generated by the transplanted
cells at passage 5 was significantly higher than that in the controls (without cell
implantation). However, CT being purely anatomical imaging modality has limited
use in measurement and monitoring of stem cell differentiation. Integrated PET-
CT and SPECT-CT are better approaches for such evaluations.

2.4 Applications of Stem Cells

The previous two sections describe the advances in stem cell research and mon-
itoring the outcome in live cells as well as in live animals. The most challenging
phase is to get ‘‘biological solutions to biological diseases’’ with an aim to achieve
success in curing patients. To estimate the extent of success, a large number of
clinical trials are ongoing with stem cell transplantation in various pathological
conditions.

In this section, we will provide an overview of these studies categorized by the
disease types based on the information obtained from trials mostly initiated by the
National Institute of Health (Figs. 2.8 and 2.9). Due to overwhelming number of
animal studies, we have limited this section only to human trials. The animal
studies can be found in other excellent reviews [176, 177].

2.4.1 Stem Cells and Neurodegenerative Diseases

Two percent of worldwide death is contributed by neurodegenerative diseases such
as Alzheimer’s and Parkinson’s, and medical science is still unable to cure these
diseases. Recent progress in stem cell science showed that functional neuronal
replacement is possible, raising the hope for ultimate cure for these dreadful
diseases. The idea of stem-cell-based therapy for neurodegenerative diseases is not
new. The first neuronal transplantation was reported in 1890 by Thompson who
made a very bold attempt to transplant cortical tissue from a cat into the brain of a
dog [178]. This encouraged scientists to consider cell transplantation to treat
deadly neurodegenerative diseases such as Parkinson’s and Alzheimer’s.
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Earlier, the Parkinson’s disease (PD) patients received a transplant of the
adrenal medullary tissue, which did not result in significant improvement. Later,
transplantation with fetal tissue and human embryonic neural tissue for cell-based
therapy was also explored. However, serious ethical issues with these tissue
replacements led to search for the alternate cell source. One such cell source was
found to be the neural stem cells [179]. Clinical trials with transplantation of
human fetal mesencephalic tissues rich in neuronal stem cells have produced
satisfactory results. In a trial by Freed et al. [180], 40 patients between the age of
35–75 years were divided into transplantation group (mesencephalic tissue was
implanted bilaterally into the putamen) and sham surgery group (tissue implanted
by drilling a hole into the brain but not disturbing the dura mater) and received
mesencephalic tissue transplantation. At the end of the surgery, younger patients in
the transplantation group showed better signs of improvement as compared to the
sham surgery, while significant improvement was seen in the group of the older
patients. A small trial by Venketaramana et al. [181] generated a lot of hope for the
PD patients. In this pilot study, seven advanced-stage PD patients between the age
of 22 and 65 years were subjected to bone-marrow-derived MSC transplantation
extracted from the iliac crest. Patients were reported to show improvement and a
reduction in the levels of L-DOPA. Spinal muscular dystrophy is a dreadful

Fig. 2.8 Diseases treated with stem cells: Stem cells are emerging as an alternate or sole option
for treating a wide spectrum of diseases such as neurodegenerative diseases, immune disorders,
diabetes type 1, cardiac aliments, kidney disease, malignancies, liver disease, bone and retinal
disorders. At certain times, health damages caused by disasters could also be managed with stem
cell therapy

42 R. K. Singh et al.



neurodegenerative disease characterized by the loss of motor neurons in the spinal
cord leading to overall muscle weakness. Remarkable results were obtained with
stem cells in animal models, but clinical trials are yet to be initiated [182].

Like PD, MSCs are also used as a powerful therapy regime against Hunting-
ton’s disease as they can enhance tissue repair by secreting various neurotrophic
factors leading to neural growth, inhibition of apoptosis, and regulation of
inflammation. Bachoud-Lévi AC et al. (2006) have shown that 3 out of 5 patients
showed some degree of improvement with fetal neural grafts, but the other two
had no signs of benefit. This trial proved that such transplantations provide relief
for a short period of time but offers no permanent cure [183]. Many of the clinical
trials for Huntington’s disease have shown mixed results. Gaura et al. [184]
transplanted fetal striatal neuroblasts (progenitor cells derived from the neural
stem cells) as allograft in five Huntington’s disease patients. The patients were
assessed based on the neural hypometabolism and glucose metabolism rate in the
brain. While two patients showed drastic improvement, patient 3 actually showed
a slight decline in condition. Patient 4 and patient 5 deteriorated during course of
the experiment [184].

In amyotrophic lateral sclerosis (ALS), upper and lower motor neurons grad-
ually degenerate and lead to muscular atrophy and severe weakness. In a clinical
trial by Mazzini et al. [185, 186], autologous MSCs were transplanted into the
spinal cord of seven ALS patients. In the follow-up of 2 years, no permanent
clinical side effects or change in the spinal cord was reported as assessed by MRI.

Fig. 2.9 Clinical trials with stem cells: A graphical representation of various disease-specific
trials undertaken by US government around the world involving stem-cell-mediated therapy
(n = 283). (Source Clinicaltrials.gov, accessed: 28/3/2013)
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A relatively slow linear decline of the forced vital capacity was seen in four out of
seven patients, indicating that MSCs might have the ability to repair tissue damage
and prolong the survival of the patients. A similar exercise was performed by
Mazzini et al. [187] with 10 patients. The results obtained indicated that stem cell
therapy could be extremely beneficial for ALS patients. Thus, stem cell therapy
upon proper guidance and validation is finally bringing hope for patients with
neurodegenerative diseases such as ALS, chronic spinal injuries, advanced PD
[188].

2.4.2 Stem Cells and Kidney Diseases

Both human ES cells and allogenic/autologous HSC transplantations are used to
correct kidney disorders in clinics. Trivedi et al. [189, 190] was the first group to
report their clinical experience with 24 patients. In their experiment, they intro-
duced unfractionated HSCs into the thymus and bone marrow before surgery and
infused them peripherally after transplantation. The aim of the study was to design
strategy to enhance tolerance to cadaver renal transplantation and thus prevent
graft rejection. Patients were divided into two groups of which group-A received
infusion of the concentrated marrow before and after surgery and group-B
underwent direct transplantation. Since this procedure did not yield any graft
rejection, the study continued, and by 2011, more than 1,000 transplantations were
performed with further modifications.

2.4.3 Stem Cells in Immunodeficiency and Thalassemia

Life-threatening immunodeficiency can be induced either by drugs or by mal-
function of immune system for which cell-based gene transfer is a good treatment
option. Unfortunately, several such trials are reported with little benefit. Thrasher
et al. [191, 192] reported a trial in which engineered CD34+ bone marrow cells
failed to produce any effect in the subjects. Gaspar et al. [192] treated 10 patients
with autologous CD34+HSPCs transduced with (gamma c) cc retroviral vectors.
Follow-up of 80 months showed all patients to be alive with functional T cells,
though mild pulmonary infections in most patients and development of acute T-
cell lymphoblastic leukemia in one patient were seen. Another strikingly similar
attempt was made by Hacein-Bey-Abina et al. [193] where CD34+ cells isolated
from five X-SCID patients were transduced with a retroviral vector expressing
gamma c(cc) transgene and then transplanted back in patients. The follow-up data
for four out of five patients were quite promising. Their T cells and the natural
killer cells carrying the transduced gene appeared normal in number, in phenotype,
and in proliferative response for at least 2 years after therapy.
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Stem-cell-mediated gene therapy was attempted to tackle thalassemia, a blood-
related disorder that affects 7 % of population worldwide. The first trial involving
transfer of b-globin gene into the CD34+ bone marrow cells using lentiviral
vectors was performed by Cavazzana-Calvo et al. Among three patients, the first
one failed to engraft. Fortunately, the second patient accepted the graft and was
continuously followed up for the next 5 years. The third patient was engrafted
after a few months without complications. In a detailed report, Cavazzana-Calvo
et al. [176, 194] have discussed the health of the second patient who had become
transfusion independent for a period of 21 months after transplantation. The
process of the trial is diagrammatically represented in Fig. 2.10.

In the last few years, a few trials were done on diseases such as ADA, gaucher,
X-SCID using engineered HSCs with limited success [195].

2.4.4 Stem Cells and Type 1 Diabetes

Type 1 diabetes is an autoimmune disease associated with T-cell-mediated
destruction of insulin-producing cells, which results in a lifelong dependence on
insulin. Several attempts such as pancreas transplantation and islet transplantation
have been attempted by scientists and clinicians to improve the quality of life of
the patients [196].

Fig. 2.10 Schematic representation of the trial conducted by Cavazzana-Calvo et al.: HSCs are
isolated from patient by bone marrow aspiration (a) followed by patients treated with
chemotherapy (b) cells mobilized in culture subjected to retroviral transduction with appropriate
gene (c), and finally, these engineered CD34+ HSC cells are infused into the body of the patient (d)
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Autologous and allogenic transplantations of hematopoietic cells were found to
rescue patients from their diabetic symptoms. Recently, Gu et al. [197] published a
clinical trial in which 28 patients who were having type 1 diabetes, antiglutamine
decarboxylase antibody, and devoid of conditions such as cardiorespiratory
insufficiency, renal or kidney failure or chronic and acute infection enrolled for
autologous HSC transplantation between the years 2007 and 2010. After the
administration of cyclophosphamide and rabbit antithymocyte globulin, autolo-
gous HSCs were infused. The daily requirement of insulin started decreasing in
these patients within a month, and the decrease was found to be significant during
the course of next 3 months and remained stable for the next 24 months. A similar
observation was made in a group of patients with diabetes ketoacidosis (DKA) in
which 20 out of 23 patients showed a remarkable insulin-free state. Twelve out of
the twenty patients maintained the state of complete remission (CR) for
31 months, and the rest came back with the disease [197].

The umbilical cord blood rich in T regulatory cells and stem cells preserved at
the time of birth also proves to be beneficial to combat such disease conditions. In
a clinical study, Haller et al. [198] reported the results of infusion (about 100 ml
cord blood/year) of own stored cord blood in 23 patients with diabetes type 1. No
significant adverse effects were observed in 15 of these patients who were a part of
the follow-up regime. In fact, the study illustrated the process of cord blood
infusion in young to be feasible. However, the infusion failed to preserve the
C-peptide levels in children.

Human placenta being a rich source of pluripotent and multipotent stem cells
has become an attractive resource to the translational researchers. In one such trial
performed, Hou et al. [199, 200] have shown that human amnion epithelial cells
can be differentiated into insulin-producing cells of the pancreas and can reverse
the state of hyperglycemia in C57 diabetic mouse. Unfortunately, no such trial has
been initiated in patients.

2.4.5 Stem Cells and Malignancies

Stem cell transplantation has become a standard of care for the hematological
cancers but yet to reach clinic for all types of solid tumors. HSC transplantation is
a process in which HSCs are injected into the patients receiving bone-marrow-
toxic drugs with or without whole-body radiation therapy. HSC transplantation
could be of two types: allogenic transplantation when the stem cells come from
another person with matched immune profile and autologous transplantation where
the stem cells come from own body.

Allogenic transplantation is used to treat acute myelogenous leukemia (AML),
chronic myelogenous leukemia (CML), chronic lymphocytic leukemia (CLL), and
non-Hodgkin’s lymphoma. CLL accounts for 25 % of all leukemia in which
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allogenic stem cell transplantation is a good option of treatment. However, due to
the lack of sufficient matching donors, this transplantation method is rarely fol-
lowed. A trial by Michallet et al. (2011) enrolled 223 patients between the age of
31–65 years and in a stage of CR who were divided into two groups, 112 for
transplantation arm or ACST arm and 111 for observation arm. Eighty of the 112
patients were subjected to transplantation of autologous stem cells, and the rest
were spared due to collection failure, refusal, or secondary malignancies.
According to the results published in 2011, no significant difference was found
between ASCT and observation arm with respect to mortality without relapse even
after 43.7 months of follow-up. However, a statistically significantly improved
event-free survival was obtained in the ASCT arm. Only occurrence of myelo-
dysplastic syndrome was reported. Thus, the transplantation study proved to be
beneficial for CLL patients in CR. In contrary to the above-mentioned trial, a study
by Sutton et al. [203] did not show beneficial effects of ASCT over combined
chemotherapy of fludarabine and cyclophosphamide in patients aged between 18
and 65 years with Binet stage B or C CLL who were not treated before [201–203].

A few more randomized clinical trials were performed with allogenic HSC
transplantation. The main focus of these trials was to overcome the chances of
developing chronic graft versus host disease (GVHD), which is a very common
complication encountered by clinicians after allogenic stem cell transplantation.
Socie et al. [201, 204] performed a randomized trial that assessed prophylactic
treatment regime with ATGs. Administration of corticosteroids or antithymocyte
globulin along with drugs such as methotrexate and tacrolimus was shown to
reduce the chances of GVHD.

Apart from trials on hematological malignancies, few very interesting clinical
trials have been performed on solid tumors such as neuroblastoma, Wilms’ tumor,
retinoblastoma. In an attempt by George et al. 205, high-risk neuroblastoma
patients enrolled between the years 1999 and 2002 were initially subjected to five
cycles of standard chemotherapy and peripheral blood stem cell transplantation
was performed after recovery from the second or the third cycle of chemotherapy.
Out of the selected 97 patients, 51 died, and in the remaining 46, patient’s pro-
gression-free survival was estimated to be around 47 and 45 % at the end of 5 and
7 years, respectively. The overall survival rate was found to be around 60 and
53 % at the end of 5 and 7 years, respectively. Thus, a combination of high-dose
therapy with autologous stem cell rescue proved to be beneficial for high-risk
neuroblastoma patients. An identical study was performed by Berthold et al. [206]
with increased number of high-risk neuroblastoma patients. Patients subjected to
high-dose chemotherapy with autologous stem cell transplantation were shown to
have an extended 3-year event-free survival as compared to the batch of subjects
given a maintenance therapy.
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2.4.6 Stem Cells and Heart Ailments

Heart ailments such as myocardial infarction and ischemic heart failure lead to
drastic loss of cardiomyocytes, interstitial cells, and vascular cells, which make
recovery slow and difficult. A number of clinical trials are being conducted with
mononuclear bone marrow cells rich in MSCs transplantation and are summarized
in Table 2.7 [207].

In a recent report, Vrtovec and his colleagues (2013) discussed a clinical trial
registered under NIH (NCT01350310) performed on 110 dilated cardiomyopathy
patients. In phase I, the patients received doses of granulocyte-stimulating factor,
and in phase II, 55 out of 110 patients were given an infusion of bone-marrow-
derived autologous CD34+ cells. During the 5-year follow-up, patients were
assessed by echocardiography and walking test. However, the most significant
feature of the trial was the use of 99 m Tc hexamethylpropyleneamine oxime
tracer accumulation method, which was used to determine the homing of the
infused CD34+ cells. The stem cell transplantation was hence seen to be well
associated with longtime survival of the patients [128].

2.4.7 Stem Cells and Retinal Diseases

Age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy are
the three most common causes of retinal degeneration, visual impairment, and
complete blindness. In the recent years, a number of studies have been performed
on animal models that have explored the potential of mouse or human adult bone-
marrow-derived stem cells containing endothelial precursor to stabilize and rescue
retinal blood vessels in experimental retinal dystrophies. Fewer numbers of clin-
ical studies were done. Jonas et al. [177, 216, 217] produced case reports of trials
performed in three patients with end-stage macular degeneration and glaucoma.
Bone marrow was harvested, and mononuclear cells were separated by Ficoll
density gradient sedimentation. The cells were then injected into the intraocular
space. After the procedure was completed, a regular follow-up was done till
12 months. In spite of the trial being technically feasible, no significant
improvement was obtained.

2.4.8 Stem Cells and Alopecia Areata

Alopecia areata is a common T-cell-mediated autoimmune disease leading to
chronic and recurrent hair loss. The incidence of the disease is 0.1–0.2 %
worldwide. Cell therapy is extremely limited and discouraging for alopecia areata.
A clinical trial was initiated in August 2012 using the technique of ‘‘stem cell
educator.’’ This technique is extremely useful in treating autoimmune diseases
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such as alopecia areata and type 1 diabetes. The principle of this technique is to
change the behavior of the immune cells of the body so that they do not function
against self-immune system. This phase I/II trial was performed with an objective
to see how the stem cells modulate autoimmunity. The date of completion of the
trial is expected to be in July 2013 [218].

2.4.9 Stem Cells and Disasters

Disasters are always unpredictable and could be either natural or man-made. At
times, human errors can lead to accidents such as radiation exposure, road mishaps
that may cause irreversible damages. Strategies such as isolating cells from an
autologous healthy source and transplanting them into the damaged sites for
generating functional cells with desired characteristics are adopted to cope up with
such events. A case study was published by Lataillade et al. [219] in which a 27-
year-old Chilean man overexposed to gammagraphy radioactive source was
treated using dosimetry-guided lesion excision and mesenchymal stem cell ther-
apy. Autologous total bone marrow cells were obtained from unexposed iliac crest
by aspiration and were grown in culture using medium supplemented with 8 %
platelet lysate. MSCs characterized by surface markers, clonogenic assays, and
telomerase activity were infused into the patient body at day 90 and day 99. Within

Table 2.7 Trials on the various cardiac diseases

Disease Trial Patients Cell type used Result

Myocardial
infraction

Boost Trial [207] 60 Nucleated BMC Effect prominent in 6 months
but diminished between 18
and 61 months

Leuven AMI trial
[208, 209]

67 Mononucleated
BMC

Fast recovery

Astami trial
[210]

100 Mononucleated
BMC

No significant effect observed
after 6 and 12 months

Fincell trial [211] 80 Thrombolytic
therapy

Improvement seen before and
after 6 months

Regent trial
[212]

200 Mononucleated
BMC

Specific marker expressing cell
population associated with
the observed effects

HEBE Trial
[213]

20 Mononucleated
BMC and
standard
therapy as
control

Subjects showed either
enhanced ventricular
recovery or remodeling.
Results need further
validation

Chronic
myocardial
ischemia

[214] 24 CD34+ cells
collected from
peripheral
blood

Satisfactory results
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five and a half months postradiation, the patient showed signs of improvement
with complete healing. After a series of successful animal experiments, a phase I/II
clinical trial was initiated in the year 2011 (NCT01298830). The trial was designed
based on the use of encapsulated and engineered human bone-marrow-derived
MSCs to cure traumatic brain injury. In spite of obtaining some positive results
from 11 patients, the trial was terminated in 2013 [220].

2.4.10 Stem Cells and Bone Disorders

Bone loss has always been a challenge for the clinicians. Marcacci et al. [221]
published a trial report that they conducted on four subjects of whom two patients
had an affected ulna and the other two had defective tibia and humerus. As
mentioned in Sect. 2.2.3, a porous bioceramics was used as the scaffold in this
study. Bone marrow stem cells isolated from the patients were cultured with minor
modifications and seeded on the scaffold within 36 h from harvest. During the
follow-up course, no complications in terms of pain, swelling, or infections were
observed. Even after 6–7 years of postsurgery, a good integration of implants was
observed in patients 1 and 3. Angiographic evaluation performed even after
6.5 years postsurgery indicated vascularization of the grafted zone. Pre/postop-
erative radiography and 2D and 3D CT scans were used to monitor bone
development.

Apart from the above-mentioned bone disease, osteogenesis imperfecta is a
very painful genetic disorder caused by a defect in the collagen type I encoding
gene. The disease is characterized by bony deformities, fragility, fractures, and
short stature. Two identical clinical trials were performed by Horwitz et al. (1999
and 2001). Analysis was conducted using techniques such as dual-energy X-ray
absorptiometry and bone histologic examination from bone biopsy samples taken
before and after transplantation using the technique of microscopy as explained
previously. In the first trial, three patients were infused with unmanipulated bone
marrow from HLA-matched identical siblings. In the second trial, a similar
approach was adopted for the three patients, while the two patients in the control
arm were not given any specific therapy. Improvement in bone histology and a
significant increase in the number of osteoblasts were observed. Unlike the second
trial, the first one also accounted for a significant increase in bone mineral content.
However, complications such as sepsis, pulmonary insufficiency, and bifrontal
hygroma were commonly seen in both trials. In spite of the aftereffects as men-
tioned above, these trials indeed generated a lot of hope in patients suffering from
this tragic genetic defect [222, 223].
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2.4.11 Stem Cells and Liver Diseases

Liver diseases such as liver cirrhosis and hepatitis B are considered to be extre-
mely life threatening. No effective treatment regime has been designed for almost
a decade now. Hence, intensive research is carried out using HSCs due to their
promising results in other fatal diseases. A phase I trial was designed and pub-
lished by Gordon et al. and Levicar et al. [224, 225] in which CD34+ HSCs in
granulocyte-stimulating-factor-mobilized blood were infused into the portal vein
of 5 patients with chronic liver diseases. Further, the data collected during the
follow-up period of 12–18 months were discussed in the report published in 2008.
During the follow-up period of 12–18 months, patients were assessed on the basis
of CT and levels of bilirubin and alpha-fetoproteins in serum and they showed no
side effects. The study implicated that the treatment with stem cells lasts for about
12 months. Terai et al. [226] in 2006 conducted autologous bone marrow trans-
plantation in patients with liver cirrhosis. One of the successful trials reported by
Gasbarrini et al. [227–229] showed a reversal of drug-induced liver failure by
transplanting CD34+ BMSCs. Zang et al. [230] discussed a trial on infusion of
umbilical cord MSCs in 30 patients with 15 controls (only saline). Reduction in the
amount of ascites, improvement in liver function with increased serum albumin,
and decrease in serum bilirubin levels were achieved. Another remarkable clinical
trial on end-stage liver disease was reported by Kharaziha [231] in which autol-
ogous MSCs were used. The cells were isolated from the iliac crest and grown
in vitro to get a count of 30 to 50 millions. Posttransplantation follow-ups were
regularly done in the 1st, 2nd, 4th, 8th, and 24th weeks. The transplantation was
well tolerated as seen in the improved liver function test results that were reflected
in the levels of serum creatinine, serum albumin, and serum bilirubin.

2.4.12 Stem Cells and Pharmaceutical Companies

Cell therapy by using stem cells has been a subject of interest for clinicians and
scientists for almost a decade. The recent years have seen many pharmaceutical
companies participating in stem cell research, therefore making regenerative
medicine a vibrant industry. The first FDA-approved trial for patients with spinal
cord injury with ESC-derived oligodendrocyte progenitor cells (GRNOPC1)
(#NCT01217008) was conducted by Geron, which is currently on hold. Recently,
Genzyme reported a quality control program conducted on 303 patients subjected
to autologous transplantation of cultured chondrocytes to repair knee damages.
The follow-up of these patients produced positive results [232]. Many companies
are also involved in iPSC research for future like Progenitor Labs involved in stem
cell engineering [233, 234]. Some company-sponsored trials are listed in
Table 2.8.
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Table 2.9 describes ongoing and completed trials categorized on the basis of the
different types of stem cells used for transplantation.

2.5 Conclusion and Future Prospect

Self-renewal and multilineage differentiation properties of stem cells are keys to
the lifelong homeostatic maintenance of tissues and organs. These properties could
also make the cells as potential therapeutic tool for many incurable diseases where
traditional ‘‘chemical solution to biological diseases’’ fails to work. Last few
decades of biomedical research have seen extensive experimentation on stem cell
therapy for regenerative medicine. Most early work was carried out with plurip-
otent ES cells derived from the inner mass of blastocyst embryo that can differ-
entiate into any type of cells belong to all the three germ layers. However,
significant challenge was met in successfully culturing the hESCs on MEF cells
and induction of directed differentiation toward a specific cell lineage. An ongoing
effort is going to establish feeder-independent culture system under the supervision
of International Stem Cell Initiative Consortium. Various combinations of growth
factors, chemicals, cell densities, and matrices are being tested to achieve proper
differentiation of hESCs. A remarkable success was reported by Chen et al. [6]
who were able to differentiate hESCs to functionally active insulin-secreting beta-
cells in a stepwise manner. However, application of hESCs in regenerative med-
icine is still limited due to the formation of teratoma in vivo and ethical issues. A
potential future solution for overcoming teratoma formation would be implantation
of hESC-derived progenitor cells with specific lineage memory instead of
implantation of undifferentiated hESC.

The next and most widely accepted choice for cell therapy after hESC is the
adult stem cells, which beat the major limitations of hESCs. Adult stem cells,
majority of which are known as MSCs, reside in various organs and are potential

Table 2.8 Companies and their contribution in the stem-cell-therapy-based trials

Companies Trials

TCA Cellular Therapy NCT00518401; NCT00643981; NCT00721006;
NCT00790764; NCT00548613

Shenzhen Beike Biotechnology
Co. Ltd

NCT01360164; NCT01343511; NCT01610440;
NCT01742533; NCT01443689

Manipal Acunova Ltd NCT01501773
Banc de Sang i Teixits NCT01227694
NCIC Clinical Trial Group NCT00003032
TECAM Group NCT00984178
Cellonis Biotechnology Co. Ltd NCT01143168; NCT01142050
Osiris Therapeutics NCT00482092; NCT01233960
International Stem Cell Service

Ltd
NCT01152125
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to form different types of cells through proper differentiation. An extensive
overview of MSC and other adult stem cell (such as HSC)-based applications are
discussed in the main sections. The wide application of MSCs in preclinical and
clinical trials with many of them displaying effective prevention and control of a
diversity of diseases brings them to forefront of stem cell therapy research. A
number of clinical trials are currently going on with MSCs to treat

Table 2.9 Ongoing or completed clinical trials on various diseases using stem cells

Stem Cells Disease Trials completed/in progress

Autologous HSCs
transplantation

Severe systemic lupus
erythematosus

NCT00076752

Retinoblastoma NCT00554788
Type 1 diabetes NCT01285934; NCT01341899

Peripheral blood stem cell
transplantation

Neuroblastoma NCT00004188; NCT01526603
Ewing’s tumor NCT00003081

Allogenic HSCs transplantation Hematological
malignancies

NCT00152139; NCT00176930

Ewing’s tumor NCT00357396
Autologous transplantation of

CD34+ cells
Coronary artery disease,

angina, myocardial
infarction, and chronic
ischemia

NCT00081913; NCT00221182

Bone-marrow-derived
mononuclear cell
transplantation

Retinitis pigmentosa NCT01068561
Liver cirrhosis NCT01120925; NCT01724697
Wilms’ tumor NCT00025103

HLA-matched bone-marrow-
derived stem cells

Alopecia areata NCT01758510

Mesenchymal stem cell Amyotrophic lateral
sclerosis

NCT01609283

Osteonecrosis of the
femoral head

NCT01605383

Umbilical cord-derived MSCs Liver cirrhosis and liver
failure

NCT01573923;
NCT01724398;
NCT01728727

Hereditary ataxia NCT01360164
Diabetes type 1 NCT01374854

Autologous bone marrow
mononuclear cells and
umbilical cord mesenchymal
stem cell transplantation

Diabetes type 1 NCT01143168

Cord blood stem cells (educator
therapy)

Diabetes type 1 NCT01350219
Alopecia areata NCT01673789

Autologous adipose-tissue-derived
stem cells

Diabetes type 1 NCT00703599

Development of iPSCs from cell
culture established from skin
biopsies

Neurodegenerative
diseases

NCT00874783

Combined stem cell therapy Severe leg ischemia NCT00721006
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neurodegenerative diseases, thalassemia, diabetes, cardiovascular diseases, and
malignancies and even in disaster-related injuries. However, success rate is still
low and more number of trials would be required to assess the real potential of
stem cell therapy.

The low abundance and need of large-scale culture of adult stem cells for
clinical application can overcome by iPSCs, which shows great promise for
regenerative medicine. However, application of iPSCs is still limited in preclinical
stages and expected to reach clinic soon.

Finally, monitoring the efficacy of stem cell therapy is an extremely important
component and a large number of microscopic and macroscopic techniques are
being implemented to check for in vitro differentiation, in vivo differentiation, and
functional output. Each of these cell based and preclinical imaging techniques has
own merits and demerits and is often used in combination to achieve a multimodal
approach. Since stem cell imaging requires high resolution, MRI despite having
lower sensitivity is probably the most suitable technology. A large number of
preclinical applications are using bioluminescence imaging as well. These imaging
techniques are also important in understanding the interactions of local microen-
vironment with stem cells. Overall, the excitement and hope for effective treatment
for many incurable diseases by stem cells are quite promising but require a
thorough and long-term monitoring at preclinical level, followed by practical
protocols. It is highly expected that detailed investigations of stem cell biology and
clinical applicability will result in revolutions in medical technologies.
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