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Foreword

Stem cell biology and its applications have received a large boost in India over the
last 20 years. Yet, it has been practiced in select centres across the country even
earlier. One example is the work on bone marrow transplantation in the clinic for
patients suffering from anaemia. The group led by Dr. Mammen Chandy of the
Christian Medical College, Vellore, started work in this area well over 20 years ago.
The other is the work on the basic biology of limb development in frogs and amphib-
ians, and the work by Professor Priyamvada Mohanty Hejmadi in Orissa.

But a focused push and support for research in stem cells—basic biology, and its
applications in regenerative medicine was initiated by the Department of
Biotechnology (DBT) of the Ministry of Science and Technology, India, which set
up a Task Force on Stem Cells and Regenerative Medicine (SCRM) in the year
2001. Its mandate was to formulate and implement strategy, support research and
develop programmes in the area, create a platform for clinical research and schemes
for setting up infrastructure and equipment, institutional development, and to put
together a framework for regulation. In collaboration with the Indian Council for
Medical Research (ICMR) of the Ministry of Health, DBT put together a set of
national guidelines for stem cell research and its applications. Together, they have
set up the National Apex Committee for Stem Cell Research and Therapy. Two
comprehensive reviews of the current status in the area of SCRM in India have been
published [1, 2].

Dedicated funding for this area of SCRM has been provided over these 15 years
by the Task Force of DBT, which has support for research programmes, included
workshops for training manpower, visits by external experts (e.g., Profs. John
Gurdon, Martin Evans, Irwing Weissman and others) to centres across the country,
clean rooms, cGLP and cGMP facilities, high-end equipment and support for scien-
tists to travel abroad for conferences and short-term training. DBT has also sup-
ported scientist-industry collaboration through joint funding mechanisms.

As a result of such promotion by DBT (and ICMR), today India has over 30
centres across the country—involved in basic research, production of stem cells
from various sources, clinical applications, production facilities and other areas.
Dr. Asok Mukhopadhyay has wisely chosen to edit this book, which is a state-of-
the-art update on Regenerative Medicine: Laboratory to the Clinic. The chapters
here capture the work on the lab bench on one side and the bedside on the other.
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Some representative examples of the basic research are captured in Part I on
Basic Stem Cells and Disease Biology. We note contributions on the sources and
production, and differentiation of stem cells of relevance to chosen diseases.

Part II focuses not only on specific applications in the liver, pancreas and the
lacrimal gland but also on scaffolding, bio-printing and strategies for tissue engi-
neering. A particularly relevant chapter by Nagarajan discusses issues such as sites
of delivery, number of cells to be delivered, animal studies and their extension to
humans.

Part III describes some exciting and successful applications being practiced at
some centres in India. It is particularly satisfying that India has declared haemato-
poietic stem cell based treatment for anaemia as ‘proven therapy’, and we must
appreciate the efforts of haematologists in having brought this forth. In a country
where anaemia of various types is rampant, such a stem cell treatment is of special
value.

A second example of regenerative medicine, done at a few centres in India, is the
repair and successful regeneration of the corneal outer surface and vision improve-
ment in patients whose corneas have been damaged by chemical or thermal burns.
Called Cultivated Limbal Epithelial Transplantation (CLET for short), and its sim-
pler in situ in vivo version SLET, this treatment is being considered by the national
regulatory body as ‘proven therapy’. Application in cardiology (particularly in cases
of myocardial infarction, already shown successful in multi-centre trials across
India) is the third exciting application of SCRM. And the work on physeal regenera-
tion, discussed by Vrisha Madhuri and colleagues, is an example of the productive
bringing together of scaffolding and bioreactor-based expansion on one hand, and
transplantation on the subject on the other hand—thus illustrating the oft-quoted
phrase ‘bench to bedside’.

For Asok, who is well known not only for his noteworthy research in mesenchy-
mal stem cell biology and liver regeneration, but has brought together 28 groups of
researchers to contribute to this timely and diverse examples of the practice and
applications of SCRM, this has been a labour of love. We are deeply appreciative of
this effort on this part.

Congratulations, Asok!

L.V. Prasad Eye Institute Prof D. Balasubramanian
Hyderabad, India
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Preface

Regenerative medicine, a broad subject, deals with the process of creating living,
functional tissues to repair or replace tissue or organ function lost due to congenital
defects, disease, damage, or age. Tissue regeneration is a concept that has roots dat-
ing back to 1000 BC, to the earliest known records of medical interventions by a
renowned surgeon of ancient India, “Susruta,” which are later recognized in modern
medical sciences as “plastic surgery.” The basic operative principles allow a plastic
surgeon to reconstruct primarily external defects like cleft lip and microtia, perform
breast augmentation/implant surgery, treat burn injury, etc. On the other hand,
regenerative medicine aims to develop new approaches to restore lost functions of
damaged internal and external body parts by replacement with tissues from autolo-
gous/allogenic sources or inducing the body’s own tissue regeneration potential by
providing a suitable microenvironment. Thus, it covers a wide range of unmet medi-
cal needs to improve the quality of life and in many cases protect patients from
untimely demise. In molecular level, the vastly different clinical scenarios can be
amalgamated with basic understanding of developmental biology, immunological
tolerance, wound healing process, and cell-cell and cell-matrix interaction.
Therefore, regenerative medicine has been considered a multidisciplinary field
involving biology, chemistry, engineering, medicine, and surgery.

The present book is divided into three parts: disease biology and basic stem cells,
potential clinical studies, and bedside applications. The most vital issue in any func-
tional tissue regeneration process is understanding the disease biology and the sin-
gle unit of a tissue, “cell,” and its modification. The first part of the book represents
some of these aspects like the dynamics of wound healing in diabetic condition and
the treatment of osteoarthritis in the perspective of developmental biology.
Interestingly, this part also consists of a few chapters that address fundamental ques-
tions on the use of pluripotent stem cells in tissue regeneration, functions of long
noncoding RNAs in neuronal commitment, etc. The second part deals with upcom-
ing prospects in the regeneration of the pancreas, liver, and lacrimal gland and tissue
engineering in general. The banking of cord blood in India and the potential appli-
cations of cord blood stem cells in different clinical indications have been described
in this part. The pillar of success of translational regenerative medicine is to perform
well-designed preclinical studies in a suitable animal model. These are conducted
as a proof of concept to understand the survival and proliferation of the cells, cell
migration, bio-distribution, the epigenetic memory of the differentiated cells, safety,

vii



viii Preface

tissue integration, immune reactions, and the manufacturing challenges of cell-
based products. The remaining chapter of this part covering some of the above
aspects of the translational research that are normally overlooked. The last part
describes the experiences of the clinicians and scientists in the bedside translation
of regenerative medicine in different clinical indications starting from the induction
of transplant tolerance during organ transplantation to the treatment of aging, from
construction of the cornea to physeal regeneration.

It is an impossible task to cover each and every aspect of regenerative medicine
in a new publication like this; I hope that the readers will liberally consider the con-
straint of the first edition of the book. I hope that sharing the Indian experience of
the bedside applications of regenerative medicine alone will not confound readers,
as it is known that clinical practice has no geographical boundaries. It is expected
that this edited book will be an immense support to the research and clinical practice
of regenerative medicine in all corners of the globe.

New Delhi, India Asok Mukhopadhyay
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Disease Biology and Basic Stem Cells



Impact of the Diabetic State on Wound
Healing Dynamics and Expression
of Soluble Cellular Mediators

Stephanie E. Grant and William J. Lindblad

Abstract

Diabetes mellitus impacts virtually every organ system of the body due to the
influence that altered glucose metabolism imparts on cellular physiology and
because of the effect chronic hyperglycemia can have on protein glycosylation
states. As a physiological process involving multiple cell types, biomolecules,
and a requirement for cell activation and activity, wound healing processes from
formation of a transitional extracellular matrix after tissue destruction to altered
neutrophil activation to a reduction in effective mesenchymal cell function have
all been shown to be impacted by diabetes. In this chapter, we will review numer-
ous studies that have documented changes in different components of classic
dermal wound healing due to chronic hyperglycemia producing an overall dimin-
ished capacity to heal tissues and to even lead to the formation of ulcerations.
Lastly, we will briefly discuss recent findings from our own studies that suggest
that the diabetic state may alter the ability of fibroblasts to respond to activation
stimuli with the appropriate expression of pro-inflammatory mediators. This
aberrant expression could ultimately lead to an over-recruitment of neutrophils
and/or monocyte/macrophages leading to a failure to heal a wound.
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Cell migration * Cytokines ¢ Fibroblasts « Hyperglycemia  Inflammation
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Abbreviations

bFGF Basic fibroblast growth factor

CCR CC chemokine receptor

CXCR CXC chemokine receptor

ECM Extracellular matrix

HIF-1a Hypoxia-inducible factor-1o

1L Interleukin

LPS Lipopolysaccharide

MCP-1 Monocyte chemoattractant protein-1
MMP Matrix metalloproteinase

NO Nitric oxide

PDGF Platelet-derived growth factor
TGFp Transforming growth factor-f3

TIMP Tissue inhibitor of matrix metalloproteinase
TLR Toll-like receptor
TNFa Tumor necrosis factor-a

1.1 Introduction

Diabetes mellitus represents one of the most common endocrine diseases world-
wide. Representing a variety of causative mechanisms, diabetes is characterized
by chronic hyperglycemia with alteration in the ability of target cells to utilize
insulin or an inability of the pancreas to secrete insulin. While impacting many
cellular processes and physiological systems, diabetes has a significant detrimen-
tal effect on wound healing. Wound healing has traditionally been described as
occurring in four distinct phases of hemostasis, inflammation, proliferation, and
remodeling; however, a more fluid and overlapping series of processes is a more
accurate view of the overall biological response. As the coagulation cascade is
beginning, inflammatory cells have already begun to invade the tissue. Proliferation
and migration begin as the cells at the wound margin respond to the free-edge
effect and disrupted oxygen supply immediately after injury. Remodeling begins
as proliferation and migration lead to the deposition of cells to fill in the defect.
The progressive nature of the healing mechanism highlights the importance of the
proper function of the cellular machinery (Table 1.1). It now appears that many, if
not all, of these cellular processes are impacted by the hyperglycemic state char-
acteristic of diabetes, although the influence of the hypoinsulinemic state may
also be a significant factor on these events. We will describe these different cel-
lular stages and provide an overview of how the diabetic state may alter the nor-
mal response of the tissues to injury.
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Table 1.1 Summary of diabetes-induced changes in major dermal wound healing cellular

processes
Cell/process Impact Healing effect
Coagulation Nonenzymatic glycosylation Denser clots resistant to
of fibrinogen fibrinolysis
Neutrophils Poor chemotaxis, reduced Inadequate acute inflammatory
phagocytic activity, lower response, prolonged intense
respiratory burst, failure to be | chronic inflammation
terminated
Monocyte/macrophages Poor chemotaxis, reduced Reduced production of growth
phagocytic activity factors, particularly VEGF, and
delayed granulation tissue
formation and neovascularization
Keratinocytes Reduced migration, reduced Delayed reepithelialization
proliferation
Fibroblasts Alteration in type I collagen Disruption in deposition of ECM
synthesis and a-smooth muscle | and wound contraction
actin expression
Endothelial cells Reduced VEGF and stromal Delayed and poorly organized
cell-derived factor-1 granulation tissue
expression, enhanced vascular
permeability

1.2  Blood Coagulation, Platelet Activation, and Immediate

Vascular Effects

Beginning immediately following injury with the exposure of subendothelial col-
lagen to the blood, circulating von Willebrand factor binds to exposed collagen,
which allows platelet binding via GP1b [1]. The bound platelets now begin the
activation process which is accompanied by the release of preformed o-granules
containing histamine, serotonin, platelet-derived growth factor (PDGF), and trans-
forming growth factor-f (TGFp). Histamine induces vascular permeability and
vasodilation, which helps to reduce blood flow in the area and set the stage for
increased fluid flow to the damaged tissues, and serotonin induces a short-lived
vasoconstriction to minimize blood loss if the smooth muscle layer is exposed.
PDGEF has many functions including the stimulation of proliferation of mesenchy-
mal cells and chemoattraction of neutrophils, monocytes, and mesenchymal cells,
while TGFp, at low levels, functions as a chemoattractant of neutrophils and mono-
cytes. Next, the platelets begin to synthesize thromboxane A2 (TxA2), which
enhances platelet aggregation, and leukotriene B4, a strong neutrophil chemoattrac-
tant. The rearrangement of the platelet cell membrane allows for the dimerization of
GPIIb and GPIIIa which function as the fibrinogen receptor. Factor V is shuttled to
the platelet surface to facilitate the conversion of circulating prothrombin to
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thrombin. Thrombin can then convert fibrinogen to fibrin which allows fibrin cross-
linking and the formation of the clot.

Numerous studies have shown that clot formation in diabetic individuals results
in an altered fibrin matrix [2]. One mechanism for this alteration in matrix is through
nonenzymatic glycation of fibrinogen, resulting in denser clots that are resistant to
fibrinolysis [3, 4]. This denser matrix may lead to changes in the ability of the fibrin
matrix to be modified, converting into a transitional extracellular matrix (ECM) and
supporting the organized migration of cells into the wound area.

1.3  Recruitment of Neutrophils

As hemostatic mechanisms are put in place, the inflammatory cascade begins.
The key step in the initiation of this phase is the activation of endothelial cells to
allow immune cell entry into the wound bed. Platelet-activating factor (PAF)
secreted by platelets and macrophages and interleukin-1 (IL-1) secreted by mac-
rophages induce a conformational change in the endothelial cells that loosen
formerly tight cellular junctions, allowing for movement of plasma components
into the subendothelial space [5]. Endothelial cells begin synthesizing PAF
within minutes of stimulation, which serves to activate neutrophils that are mov-
ing into the area [5].

Movement of neutrophils into damaged tissue involves a multistep process
involving adhesion molecules and active cellular events in both the neutrophil
and endothelial cell. The first phase of what is termed “the adhesion cascade”
begins with the slow trafficking or “rolling” of neutrophils through areas of
inflammation. This occurs within minutes of tissue injury and continues for at
least 2 hours [6]. The rolling process is believed to be mediated by an interaction
between L-selectin expressed by neutrophils and E-selectin expressed by acti-
vated endothelial cells [5]. Soon after the rolling process begins, L-selectin is
shed from the neutrophil surface, which then activates CD11/CD18 integrins.
Activated endothelial cells constitutively express ICAM-1 and ICAM-2, which
are the ligands for the neutrophil integrins. This facilitates a strong adhesive
interaction between the neutrophil and the activated endothelial cell that induces
a morphological change in the neutrophil from a spherical shape to a flattened
shape. At this point, a chemotactic gradient of IL-1, IL-8, or tumor necrosis
factor-oo (TNFo) must be present for the neutrophil to undergo diapedesis. The
neutrophil must also secrete proteases such as matrix metalloproteinase-9 (MMP-
9) and lysozyme to degrade the basement membrane [7]. Once in the extravascu-
lar space, the neutrophil begins to clear the cellular debris and bacterial threats
through phagocytosis and the release of antimicrobial peptides and reactive oxy-
gen species.

Alterations in neutrophil function are expected to contribute to the development
of chronic wounds in diabetic patients. Although there seems to be a very broad and
non-consistent range of defects in these patients, poor metabolic control is fre-
quently associated with more severe neutrophil dysfunction [8]. Weak chemotaxis
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to the wound bed, decreased phagocytic rate, lowered oxidative burst activity,
decreased toll-like receptor (TLR) and TNFa expression, and chronic neutrophil
presence occur in the later phases of wound repair [9]. The clinical result of these
dysfunctions is an inadequate early inflammatory response followed by a prolonged,
intense inflammatory phase that interferes with the normal proliferative and remod-
eling phases of wound repair.

1.4  Monocyte/Macrophage Recruitment and Activation

Macrophages are the second major inflammatory cell population to arrive at the
wound bed [10]. At 24-48 h post-injury, the neutrophil population in the wound bed
is expected to decrease through apoptotic and phagocytic mechanisms which allow
for monocyte/macrophage domination of the repair process [11]. The major che-
moattractant of monocytes in the early wound is PDGF. IL-6 production by neutro-
phils and fibroblasts may also stimulate activated endothelial cells to produce
monocyte chemoattractant protein (MCP-1) which would help to drive the shift
from neutrophil to monocyte/macrophage wound bed domination [10]. Monocyte
homing to the wound bed occurs in a similar fashion to neutrophil migration. The
rolling phase of monocyte homing is mediated by monocyte-expressed L-selectin
and endothelial cell VCAM-1. Tight adherence and flattening of the monocyte to
achieve diapedesis require 1 and B2 integrin interactions [12]. The release of gran-
ular proteins by neutrophils as they enter the wound bed is believed to facilitate the
homing and extravasation of monocytes through direct monocyte activation, 2
integrin activation, and enhanced CAM expression [7].

Once monocytes enter the wound bed, differentiation to macrophages occurs
[13]. Depending on the cytokine environment, two distinct macrophage phenotypes
can be elicited. M1 macrophages are primarily inflammatory cells, while M2 mac-
rophages main function is repair oriented through the promotion of angiogenesis
and tissue remodeling/repair. M2 macrophages exist in several subtypes, M2a, M2b,
M2c, and M2d [14]. In the early phases of normally healing wounds when the
removal of damaged tissue is paramount, primarily M1 macrophages are present,
whereas in the later phases when tissue generation is the prime directive, M2 mac-
rophages predominate [15]. M1 macrophages are believed to be generated in the
presence of IFNy or lipopolysaccharide (LPS) through the upregulation of inter-
feron regulatory factor 5 [14]. However, bacterial wound invasion or T-cell involve-
ment is not necessary for the activation and differentiation of M1 macrophages as
the presence of TNFa has also been shown to promote this process [16]. M2a mac-
rophages are generated in the presence of IL-4 and IL-13 through the action of
interferon regulatory factor (IRF) 4; however, they have been found in the absence
of these cytokines [14]. Although the M2 subtypes are generally associated with
repair functionality and not inflammation, they have been shown to markedly upreg-
ulate their production of pro-inflammatory cytokines in response to LPS exposure.
This is a classic example of the extreme plasticity of the activated macrophage. The
M2b subtype comes about in the presence of IL-1f and/or LPS and the M2c subtype
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in the presence of IL-10 and/or TGFf. The M2d subtype has a novel pathway of
differentiation. This macrophage is first differentiated to the M1 phenotype and in
the presence of both TLR agonists and adenosine 2A receptor agonists is then fur-
ther differentiated into the M2d phenotype. This phenotype shows increased angio-
genic function.

Monocyte/macrophage dysfunction in the diabetic leads to a variety of deficits
in proper wound healing. Much of the research is inconsistent with regard to the
specific mechanism of the deficit. This may be attributed to the large spectrum of
differences in the degree of metabolic dysfunction, glucose control, and age. Poor
chemotaxis to the wound bed combined with reduced phagocytic activity leads to
a prolonged inflammatory state due to the inability to remove neutrophils, as well
as reduced ability to remove pathogenic material [17]. This initially poor chemo-
taxis also prolongs the production of granulation tissue and lymphatic vessels as
the lower numbers of macrophages cannot produce sufficient amounts of VEGF
[18]. The ability of the macrophage in the diabetic to produce adequate amounts
of cytokines and growth factors including VEGF, IL-1f, and TNFa also appears
to be impaired [19]. However, some studies in genetically diabetic mice have
shown an early and persistent elevation in inflammatory cytokine production by
the macrophage, as well as the prolonged presence of these cells in the later phases
of repair [20]. This appears to be related to the downregulation of phagocytic abil-
ity of some dysfunctional macrophages as the ingestion of apoptotic bodies is
believed to be a prerequisite for the downregulation of inflammatory cytokine
production.

1.5 Fibrocyte Contribution to Wound Healing

The classic assumption regarding fibroblast and myofibroblast proliferation and
migration was that these cells primarily originated from the healthy tissue surround-
ing the wound. However, Bucala et al. [21] reported a population of spindle-shaped
circulating cells similar in appearance to fibroblasts that would enter the wound bed
alongside inflammatory cells within the first 48 h post-injury. The cell surface phe-
notype shared some characteristics with fibroblasts, namely, vimentin, fibronectin,
collagen I, and collagen III. However, they also expressed CD45 (leukocyte com-
mon antigen) and CD34 (hematopoietic stem cell marker), suggesting that fibro-
cytes have similarities to leukocytes and may have a bone marrow origin [21].
Scanning electron microscopy indicated prominent cell surface projections on fibro-
cytes, which distinguished them morphologically from leukocytes. A study which
introduced whole male bone marrow into female mice who had received lethal
radiation showed that fibrocytes are of hematopoietic origin [22].

Circulating fibrocytes express multiple chemokine receptors on their surface
[23]. In vivo injection of secondary lymphoid tissue chemokine promoted fibrocyte
chemotaxis, which suggests that vascular endothelium-derived SLC could promote
fibrocyte chemotaxis to the early wound bed through interaction with CCR (CC
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chemokine receptor)-7. In vitro exposure of peripheral blood fibrocytes to MCP-1
increased cell migration and induced proliferation and differentiation to myofibro-
blasts and production of alpha smooth muscle actin which suggests that MCP-1
production in the early wound bed could also promote fibrocyte chemotaxis through
interaction with CCR-2 [24]. Other chemokine receptors that are expressed by
peripheral blood fibrocytes may have a role in fibrocyte chemotaxis which include
CCR-3, CCR-5, and CXCR (CXC chemokine receptor)-4 [23].

To date, examination for chronic hyperglycemia-related impairment of fibrocyte
influx and/or function is lacking and represents an area for potential investigation.

1.6  Migration of Resident Cell Populations
1.6.1 Keratinocytes

Reepithelialization of the wound is critical to successful healing as it will protect the
wound from further environmental insult. The first signs of reepithelialization are
visible within hours after injury with keratinocytes migrating outward in a “tongue-
like projection” from the epithelial root sheath of the hair follicles at the wound
edge [25]. The epidermal cells are capable of migrating over the newly formed
transitional ECM, and therefore reepithelialization is not rate limited by the forma-
tion of granulation tissue [26]. The keratinocytes in the epidermis proximal to the
wound initially become larger which appears as a thickening of the wound margin
[27]. Cell-cell junctions are dissolved, allowing migration, with multiple integrins
displayed on the cell surface to provide directionality toward the fibrin and fibronec-
tin that have leaked from the damaged vasculature. Keratinocyte proliferation
becomes apparent at the basal layer 1-2 days post-injury and appears to reach a
peak just as ECM production is well underway [28]. Critical to the ability of kerati-
nocytes to migrate is the balanced expression of matrix metalloproteinases (MMPs)
and tissue inhibitors of MMPs (TIMPs) [29]. As the basement membrane is reestab-
lished, both hemidesmosomes and desmosomes once again become visible at the
wound margin [28].

Human keratinocytes cultured in high-glucose conditions exhibit significantly
altered phenotype compared to keratinocytes cultured in normoglycemic condi-
tions [29]. Migratory ability over type I collagen was significantly reduced, as was
proliferative capacity. The expression of MMP-2 and MMP-9 was greatly reduced;
however, the expression of TIMP-1 was upregulated. These results suggest that in
diabetic patients with poor metabolic control, reepithelialization of acute wounds
may be impaired, prolonging the wound healing process and increasing the risk of
infection due to the lack of barrier from pathogens. Keratinocytes treated with
high-glucose peripheral blood monocyte-conditioned media showed that a signifi-
cantly lower expression of IL-22 by these monocytes led to poor keratinocyte
migration and reduced MMP-3 expression, leading to delayed wound closure in a
diabetic rat model [30].
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1.6.2 Mesenchymal Cells

As the inflammatory phase of wound healing begins to subside at day 3—4 post-
injury, the repopulation of the wound bed with mesenchymal cells becomes
apparent [31]. The presence of PDGF-AB, PDGF-BB, and TGFf1 leads to the
activation and chemotaxis of resident fibroblasts and smooth muscle cells [28].
Migration is accomplished by the extension of the leading edge of the cell plasma
membrane through the polymerization of actin filament. As this extension grows
farther ahead of the cells original position, adhesions at the rear of the cell let go,
effectively moving the cell forward [32]. Once they have reached the wound bed,
fibroblasts begin to proliferate rapidly, and production of matrix proteins begins.
The formation of granulation tissue occurs as the fibrin clot is lysed and replaced
with hyaluronan and fibronectin, as well as the formation of new vascular struc-
tures. In the early wound, type III collagen is most abundant; however, later in
the wound healing process, the stronger but more slowly manufactured type I
collagen dominates [33].

At approximately 1 week post-injury, fibroblasts under the influence of TGFp
will begin differentiating into contractile myofibroblasts which facilitate closure of
the wound. Despite the need for myofibroblasts for wound contraction, these cells
also produce elevated levels of type I collagen and are felt to contribute too many
fibrotic conditions. Cardiac fibroblasts from type II diabetic individuals show an
enhanced myofibroblastic phenotype characterized by increased ability to contract
3D collagen matrices, elevated production of type I collagen, and high levels of
a-smooth muscle actin [34]. These effects may well lead to the increased prevalence
of cardiac fibrosis in diabetic patients; however, how this finding relates to dermal
wound healing is unclear.

1.7 Neovascularization Process

Early granulation tissue is formed first at the periphery of the wound and proceeds
centrally [35]. Within blood vessels immediately adjacent to the wound bed, endo-
thelial cells begin to proliferate in response to the angiogenic stimulation of basic
fibroblast growth factor (bFGF) secreted by activated platelets as well as from dam-
aged connective tissue cells [36]. Around day 3 post-injury, these endothelial cells
begin to express fibronectin and the integrins avf3, alpl, and a2p1 which allow
them to adhere to and migrate through the early granulation tissue. Concurrently
with the arrival of migrating fibroblasts to the wound bed, new capillary buds begin
to form. Angiogenesis at this stage is believed to be mainly driven by VEGF pro-
duced by keratinocytes, fibroblasts, endothelial cells, and macrophages [37]. VEGF
induces the differentiation and migration of peripheral blood-derived endothelial
progenitor cells which contribute to the formation of vasculature [38]. It also causes
increased vascular permeability and the subsequent leakage of fibrinogen and fibrin
into the wound bed, thus allowing for the adherence of endothelial cells, leukocytes,
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and fibroblasts [39]. In the presence of high concentrations of VEGF, endothelial
cells produce nitric oxide (NO) which then further upregulates the production of
VEGF and microvascular permeability. Degradation of the basement membrane and
ECM mediated by MMPs leads to further release of angiogenic growth factors from
the damaged tissue. The chemotaxing endothelial cells begin to form cell-cell junc-
tions. As the vascular lumen takes shape, smooth muscle cells and pericytes are
incorporated into the design. Although vascular remodeling will continue for quite
some time, the interaction between endothelial cells and smooth muscle cells and
pericytes leads to the production of TGFf which downregulates their migration and
proliferation [40].

Microvascular complications are a common issue in diabetic patients. Alteration
of endothelial and inflammatory cell function due to transcriptional changes induced
by the formation of advanced glycation end products leads to increased vascular
permeability, vascular occlusion, and eventually cell loss [41]. In the setting of the
acute wound, lack of oxygenation due to damaged vasculature upregulates the pro-
duction of hypoxia-inducible factor-1o (HIF-10o). HIF-10a then signals the upregula-
tion of VEGEF, leading to angiogenesis. However, in the setting of chronically
elevated blood glucose, both the expression of HIF-1ae and VEGF are reduced, as
well as the endothelial progenitor cell mobilizing chemokine stromal cell-derived
factor 1 [42]. In addition, endothelial cell populations are markedly decreased in
diabetic patients, particularly those with peripheral vascular disease [43]. The clini-
cal result is a slow and poorly organized granulation tissue formation which pro-
longs the inflammatory phase, impacts wound closure, and leads to an increased risk
of infection.

1.8  Process for Elimination of Cell Populations
1.8.1 Induced Apoptosis

The prolongation of neutrophil activity in a healing wound has been associated
with numerous detrimental outcomes. In a normally healing wound, neutrophil
populations are expected to begin to decline by days 2-3 post-injury. It appears that
the B2 integrin-mediated process of neutrophil trans-endothelial migration may
initiate the apoptosis cascade following exposure to TNFa [44]. As the wound
healing process proceeds from the inflammatory stage to the proliferative phase,
monocyte populations begin to wane. This is believed to be influenced by the pres-
ence of VEGF [45].

As new tissue is formed in the wound, granulation tissue must be broken down.
In the case of an inefficient breakdown process, pathological scarring can result. As
granulation tissue is broken down, fibroblasts differentiate into contractile myofi-
broblasts which facilitate wound closure. This process mechanically loads the cells
until stable tissue is formed [46]. As the wound stabilizes, this mechanical tension
is gradually released on the myofibroblasts, triggering apoptosis within 3-6 hours.
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1.8.2 Pro-resolving Lipid Mediators

A number of lipid-based mediators, including lipoxins, resolvins, protectins,
and maresins, have been identified which function as downregulators of inflam-
mation. The lipoxins are generated from arachidonic acid that is produced in
the inflammatory response [47]. They have several immune-modulatory effects
in the wound healing process. The key step in the resolution of the inflamma-
tory phase is the downregulation of neutrophil-mediated tissue destruction
[48]. As neutrophil populations begin to decline as a result of induced apopto-
sis and/or necrosis, macrophages are stimulated by lipoxin A4 to upregulate
phagocytosis of neutrophil apoptotic bodies [49]. Limited studies to date sug-
gest that the production of pro-resolving lipid mediators may be altered in
diabetes. In a murine model of type II diabetes, neutrophils showed an impaired
responsiveness toresolving E1 in stimulating the phagocytosis of Porphyromonas
gingivalis [50].

1.9 Influence of the Hyperglycemic State on Epigenetic
and microRNA Dynamics

Plasma microRNAs (miRs) contained within microvesicles that provide protection
from degradation have been found to regulate aspects of the inflammatory and
angiogenic response [51, 52]. These noncoding RNAs bind to the 3’ untranslated
region of mRNA, leading to a decrease in translation. A “plasma microRNA signa-
ture” has been described for diabetic patients [52]. Significant differences between
diabetic and nondiabetic patients have been elucidated in the expression of 41
plasma miRs. Of particular interest are miR-126, miR-200b, and miR-191.
Decreased plasma levels of endothelial cell expressed miR-126 characteristic of
diabetic patients have been associated with the development of peripheral vascular
disease, presumably due to a negative angiogenic effect. In diabetic patients with
chronic wounds, the normal hypoxia-downregulated expression of miR-200b by
endothelial cells and platelets is significantly higher, leading to the downregulation
of VEGF expression by endothelial cells. miR-191 expression by endothelial cells
was also found to be dysregulated in diabetic patients with chronic wounds.
Increased plasma miR-191 levels resulted in delayed wound healing due to the sup-
pression of ZO-1-mediated angiogenesis and migration in endothelial cells and
fibroblasts.

The role of histone methylation status in diabetic wound healing is a new area of
investigation that has shown interesting discoveries. Macrophages isolated from
punch biopsy samples taken from diabetic lower-extremity chronic wounds follow-
ing amputation were found to express significantly less M2 phenotypical markers
compared to macrophages isolated from nondiabetic wounds [53]. The diabetic
macrophages also produced significantly higher levels of the pro-inflammatory
cytokine IL-12, resulting in increased expression of IL-1f, IL-6, and TNFa. M1
domination was duplicated in a murine model of the diabetic wound and was
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believed to be the result of a significantly decreased repression of the IL-12 gene by
histone lysine trimethylation (H3K27me) as a result of increased demethylation by
the Jumonji C domain-containing protein (Jmjd3).

1.10 Expression of Inflammatory Mediators by Fibroblasts

Given the large number of cell types involved with the healing of damaged tissue, it
is apparent that overall coordinated regulation must occur through the selective
expression, secretion, and receptor binding of a large number of soluble mediators.
As already mentioned in this chapter, multiple growth factors (PDGF, TGFp, VEGF)
along with interleukins (IL-1f, IL-6, IL-8, IL-17) and other factors (lipid-based
resolvins) are able to modulate the function of circulating and fixed cell types.
While it is beyond the scope of this review, inflammatory cells have been the pri-
mary focus of much research on these soluble mediators. However, another source
of these factors may contribute significantly to the outcome of the healing response,
namely, fibroblasts. Studies by Tredgett and colleagues showed that hypertrophic
scar fibroblasts expressed functional TRL4 which responded to LPS administration
with the induction of a number of pro-inflammatory genes including IL-6, IL-8, and
MCP-1 [54]. They also showed that hypertrophic scar fibroblasts showed a greater
induced expression of these inflammatory mediators upon LPS stimulation com-
pared to control fibroblasts.

Reports on fibroblasts from other tissue sources have also shown the expression
of IL-6, IL-8, and MMP-1 following exposure to LPS, implicating TLR4 signal
transduction in this gene expression [55]. Recently, in studies in our laboratory, we
have data to support the expression of IL-1p, IL-6, IL-8, TNFa, and IL-17 by
human dermal fibroblasts after treatment with LPS. Induction of these interleukins
was time dependent with significant increases in mRNA at 6 h after exposure to
LPS. Of note the expression of these mediators was dependent on whether they
were obtained from individuals with type I diabetes, individuals with maturity-
onset diabetes of the young, or non-affected controls. Expression of mRNA for
these mediators was significantly higher in the fibroblasts obtained from type I
diabetic individuals compared to non-affected control cells. These data suggest
that fibroblasts may contribute to the inflammatory environment of wounds by
expressing pro-inflammatory mediators in response to wound stimuli and that this
expression is upregulated in the diabetic.

Conclusions

It has become apparent that the negative impact of diabetes on tissue wound
healing is multifactorial involving virtually every process involved with the
repair of damaged tissue. As summarized in Table 1.1, cells of the innate
immune system, mesenchymal cells, and endothelial cells all show phenotypic
changes that can reduce a person’s ability to heal dermal damage. Along with
these characterized changes, our preliminary data suggests that diabetes can
shift the inflammatory environment within a wound by also altering the ability
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of fibroblasts to secrete pro-inflammatory mediators that control many of the
cellular activities in the wound. Continued efforts to characterize these many
interacting effects will be needed to fully understand the impact of diabetes on
wound healing.
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Abstract

Osteoarthritis is a debilitating disorder of the joints during which cartilage lining
the articular surface of the bones undergoes progressive, irreversible damage,
ultimately resulting in disability in locomotion. The current understanding about
the pathogenesis of osteoarthritis is far from complete, and no effective therapy
is available to tackle osteoarthritis. Analyzing the pathogenesis of osteoarthritis
from the vantage point of a developmental biologist indicates that the molecular
and histological changes observed during osteoarthritis closely recapitulate
embryonic cartilage differentiation, thereby offering a new paradigm to under-
stand this disease. In order to come up with new strategies for halting disease
progression or initiating regeneration, it is important to understand the etiology
of osteoarthritis from a molecular perspective afforded by developmental

biological studies.
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Abbreviations

ACI Autologous chondrocyte implantation
ChM-I Chondromodulin-I

CSPCs Cartilage stem/progenitor cells

MACI Matrix-assisted chondrocyte implantation
NSAIDs Nonsteroidal anti-inflammatory drugs
PCL Polycaprolactone

PTHrP Parathyroid hormone-related peptide

2.1 Introduction to Osteoarthritis

Osteoarthritis is a painful and chronic disorder of the joints which affects a large
number of people across the world. It affects all joints in the body but the most com-
monly affected are hands, hips, and knee joints. The tissue that is principally affected
in osteoarthritis is articular cartilage, which is a thin tissue that lines the ends of long
bones in adult vertebrate skeleton and makes locomotion possible at joints. The
incidence rates of osteoarthritis have witnessed a steep rise in the last century or so
[1]. It was not however without mention in the older medical literature as it was
described by Hippocrates, Galen, and Avicenna.

It was scientifically described for the first time in De Humanis Corporis Fabrica
by Vesalius in 1541 where articular cartilage and synovial fluids were discussed.
The modern scientific description dates to 1829 when it was described by Benjamin
Brodie. In 1890, Archibald Garrod coined the term osteoarthritis to describe a spon-
taneous inflammation or degradation of the articular cartilage. Osteoarthritis comes
from the Greek words osteo, bone; arthr, joint; and itis, inflammation. During the
last century, it has been recognized as a major musculoskeletal disorder that affects
senior people with high incidence.

In the Global Burden of Disease report by WHO in 2010, osteoarthritis had a
worldwide age-standardized prevalence of 3.8% of the global population. The inci-
dence in females was 4.8%, while in males, it was 2.8%, and the peak prevalence
was at the age of 50. Osteoarthritis was the 15th major cause of years lived in dis-
ability (YLD) in 2000, while in the 2010 report, it was the 11th leading cause of
YLD, i.e., a 64% change between the two studies conducted 10 years apart [2]. The
economic burden associated with osteoarthritis has also witnessed a steady rise
with sustained medical costs, increased workplace absences, and reduced effi-
ciency, resulting from osteoarthritis-induced disability [3]. The rise in the preva-
lence of osteoarthritis is attributed to multiple factors which include lifestyle
changes, obesity, etc.

The chronic nature of osteoarthritis and its widespread prevalence has led to
intensive efforts by groups to develop effective therapeutic strategies to tackle this
disease. Till date there is no effective therapy for the treatment of osteoarthritis. The
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principal approaches to manage osteoarthritis involve nonsurgical and surgical
means primarily aimed at reducing the pain and distress. At present there is no dis-
ease modifying therapy either for osteoarthritis. A major limitation of the current
therapies is that they do not take into account the molecular changes or the actual
cause of degradation of articular cartilage which is the principal tissue that is
affected during osteoarthritis. Pathogenesis of osteoarthritis is intricately linked to
the biology of articular cartilage, and thus it warrants specific attention because
degenerative changes that are hallmarks of osteoarthritis can be understood better
from the perspective of developmental biology of articular cartilage during endo-
chondral ossification.

2.2 The Development of Articular Cartilage
2.2.1 Endochondral Ossification

In order to understand articular cartilage development, it is important to under-
stand the process of endochondral ossification. The long bones in the appendicu-
lar (limbs) skeleton and elements of axial (vertebrae and ribcage) skeleton of
vertebrates develop by the process of endochondral ossification, while the bones
in the craniofacial skeleton and clavicle develop by the process of intramembra-
nous ossification. The principal feature of endochondral ossification is that the
bone develops from within an initial cartilage template, while in intramembranous
ossification, ossification proceeds without any cartilage intermediate (Gr. endo,
within; chondro, cartilage).

Endochondral ossification starts with condensation of a bunch of mesenchymal
cells in the developing limb bud which turn on the expression of a transcription fac-
tor Sox9, a member of the high mobility group (HMG) of transcription factors, and
is essential for the formation of cartilage [4]. These Sox9-expressing cells then turn
on the expression of cartilage-specific transcripts such as Col 2al, aggrecan, and
Col 11al. The cells at this stage have turned on the cartilage differentiation program
which is followed by proliferation and an increase in the size of the limb bud [5].

The next principal event is the start of hypertrophic differentiation in the cells at
the center of the cartilage primordium. During condensation of limb mesenchymal
cells, a layer of cells is excluded which surround the developing cartilage primor-
dium. This layer is referred to as the perichondrium. The initially contiguous carti-
lage primordium is segmented to give rise to the distinct skeletal elements of the
developed limb. The tissue at the site of the future joint is referred to as the inter-
zone. The distal and proximal ends of the perichondrium as well as cells of the
interzone secrete parathyroid hormone-related peptide (PtHrP, also referred to as
PtHIh). The cells of the developing cartilage express the receptor for PtHrP,
PtHIR. As long as the PtH1R-expressing cartilage cells are within the range of dif-
fusion of PtHrP, the cells remain proliferative. However, due to proliferation and
growth, once the cells are beyond the range of PtHrP diffusion, they turn on the
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expression of Indian hedgehog (Ihh), a key driver of hypertrophic differentiation.
Hypertrophic differentiation thus starts in the middle of the cartilage anlagen and
spreads toward the ends of the primordia. Ihh and Pthrp, which regulate the early
phases of hypertrophic differentiation, also regulate the number of cells that undergo
hypertrophy and the formation of the growth plate which is the center of subsequent
skeletal development [6]. Hypertrophic cells express Col 10al and Runx2. The cells
undergo a massive increase in cell size during hypertrophy, and this process is prin-
cipally responsible for the growth and final proportion of different skeletal elements
[7]. The growth plate acts as a source of hypertrophic cells during the continued
phase of longitudinal growth. Apart from Ihh and Pthrp, BMP and FGF signaling
pathways play major roles in regulating hypertrophic differentiation.

Following hypertrophy, and expression of vascular endothelial growth factor
(VEGF), vascularization takes place in most of the elements, and matrix remodeling
follows which is mediated by matrix-degrading enzymes such as MMP13. The deg-
radation of matrix paves way for calcification and subsequent bone formation. The
source of bone cells has been the center of a century-long debate with one school
arguing the incoming vasculature as the source of osteoblasts or bone progenitor
cells, while the other sect arguing that hypertrophic cells get trans-differentiated
into osteoblasts, yet other groups think that the inner layer cells of the perichon-
drium/periosteum are induced by the hypertrophic cells to differentiate as osteo-
blasts [8]. In adults nestin-expressing hematopoietic stem cells have been
demonstrated to contribute to bone lineage [9], while during embryonic bone devel-
opment, both periosteum [10] and hypertrophic cells [11] have been shown to dif-
ferentiate as osteoblasts. The osteoblasts secrete a matrix rich in Col lal which is
the principal component of the bone along with hydroxyapatite. Wnt signaling is
known to promote osteoblast proliferation and differentiation [12, 13].

During postnatal stages, the secondary ossification center is set up toward the
ends of the developing skeletal elements where further ossification occurs culminat-
ing in the formation of epiphysis. The epiphyseal growth plate acts as a source of
chondrocytes during most of the processes of endochondral ossification by forming
an arrayed structure which consists of proliferating, resting, and hypertrophic cells
arranged in columns (Fig. 2.1). After a certain stage of postnatal development, the
growth plate ceases to be a seat of chondrocyte maturation and proliferation and is
said to be closed by estrogen receptor-mediated signaling though the actual mecha-
nisms underlying this process remain to be uncovered.

After completion of endochondral ossification, most of the initial cartilage tem-
plate is replaced by the bone except for the cartilage at the ends of the bones which
is not invaded by vasculature, does not undergo hypertrophy, and retains the expres-
sion of Col 2al throughout adult life. From a developmental biology perspective,
the cartilage which gets converted into or replaced by the bone is referred to as
“transient cartilage,” while the cartilage that remains as cartilage at the ends of the
bones is known as “permanent or articular cartilage.” The process of endochondral
ossification is regulated by multiple signaling pathways and transcription factors
which orchestrate this process in a fine-tuned manner so as to ensure proportionate
development of various skeletal elements [5].
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Fig. 2.1 Schematic of endochondral ossification. During endochondral ossification, bone forma-
tion takes place within an intermediate transient cartilage template (A—E). (A) It starts with succes-
sive differentiation steps of a homogenous proliferative population of pre-chondrogenic
mesenchymal cells lined by the perichondrium. (B) Following this step, the condensed population
of mesenchymal cells differentiates as chondrocytes and forms a cartilage template. (C) A small
proportion of chondrocytes at the center of the maturing element undergo a terminal hypertrophic
differentiation during which they become nonproliferative. (D) As development progresses, dis-
tinct zones of differentiated chondrocytes appear. At the distal ends, chondrocytes still continue to
proliferate and is known to contribute to elongation of bones. Hypertrophic chondrocytes secrete
VEGEF at the center of the element that enable blood vessels to invade this domain. (E) Finally, the
hypertrophic zone is replaced by the bone. During early stages of osteogenesis, multiple zones at
distinct stages of endochondral ossification may be appreciated. The zones can be broadly catego-
rized as the bone, hypertrophic chondrocytes, pre-hypertrophic chondrocytes, and proliferative
chondrocytes which differ morphologically as well as molecularly. Most of the cartilage primor-
dium is eventually replaced by the bone. However, a small population of cells at the end of the
skeletal elements will maintain their chondrogenic nature throughout adult life and is referred to as
articular cartilage

2.2.2 Articular Cartilage Development

Articular cartilage is a tissue that is a few layers thick and lines the endings of the
bones in a mature vertebrate skeleton. It is primarily found at the sites where two
bones articulate, i.e., the joints. The principal function of articular cartilage is to pro-
vide a smooth, lubricated frictionless surface so that locomotion can occur at joints. It
is a highly specialized tissue which has a very organized arrangement of cells and
extracellular matrix. The principal component of articular cartilage is the extracellular
matrix, which is composed typically of water, Col 2al, and charged macromolecular
aggregates called proteoglycans, e.g., aggrecan, decorin, etc. The articular cartilage is
avascular, aneural, and alymphatic and is practically devoid of cells which make up
less than 2% of the tissue volume [14]. The development of articular cartilage occurs
during the process of endochondral ossification concurrently with synovial joint for-
mation. Thus, any discussion about the development of articular cartilage is incom-
plete without referring to the development of synovial joints.
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Fig. 2.2 Schematic of synovial joint formation in the appendicular skeleton. (A) Formation of
synovial joint in vertebrates starts within a contiguous rudiment of homogenous cartilage cells. At
this early phase, the skeletal rudiment does not exhibit any overt sign of joint morphogenesis. (B)
Morphological changes appear at the future joint sites as chondrocytes lose their round shape to
acquire a flattened morphology perpendicular to the longitudinal axis. During this step the cells
undergo compaction. This result in the formation of a distinct tissue called the interzone. (C)
Interzone becomes the site of segmentation and eventually splits the contiguous rudiment into two
separate elements by the process of cavitation. Bulk of the chondrocytes in each of these elements
mature as transient cartilage by endochondral ossification. However, a small portion of the original
rudiment adjoining the plane of segmentation resists this change and instead differentiates as artic-
ular cartilage. (D) After cavitation, joint morphogenesis takes place that leads to formation of
synovial joint components such as the joint capsule, ligaments, synovial cavity and synovium, and
articular cartilage. During this phase, at the joint site, the ends of the skeletal elements form inter-
locking shapes that enable frictionless movement across the surface. The articular cartilage is a
distinct cartilaginous tissue that maintains chondrogenic nature throughout adult life and is also
referred to as the permanent cartilage

The development of synovial joints starts soon after the initiation of cartilage
differentiation following the condensation of limb mesenchymal cells at the center
of a developing limb bud. As the cartilage primordium proliferates and expands at
some previously specified sites, this uninterrupted cartilage template starts to get
segmented (Fig. 2.2). The cells at the prospective joint sites become flattened and
further compacted to give rise to a specialized region referred to as the interzone.
This is followed by actual segmentation of the cartilage primordium, along the mid-
dle of the interzone, by a process known as cavitation. Interzone formation and cavi-
tation are associated with downregulation of the expression of Col 2al and aggrecan
which is crucial for this process to occur [15]. The interzone then undergoes mor-
phogenetic changes which culminate in the formation of articular cartilage and
other components of the synovial joint such as the synovial cavity, meniscus, etc.

It was generally believed that transient (i.e., the cartilage that undergoes hyper-
trophic differentiation) and permanent (or articular) cartilage cells have distinct tis-
sue origins and that the interzone cells give rise to the articular cartilage [16].
However, in a recent study by Ray et al., it was shown that a population of highly
proliferative cells, referred to as the distal proliferative zone (DPZ), gives rise to
both transient cartilage cells and articular cartilage cells. The cells of the DPZ
express Col2al. These cells as they proliferate and expand come either under the
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influence of BMP signaling emanating from the hypertrophic zone and become
transient cartilage or come under the influence of Wnt signaling emanating from the
interzone and become articular cartilage [17].

A critical point in this context is that interzone is a source of Wnt ligands. The
cells of the interzone however are not responsive to Wnt signaling. Wnt signaling is
known to be comparatively a short-range signaling pathway and hence affects the
cells in the sub-articular zone which is populated by cells from the distal proliferative
zone. The cells under the influence of Wnt signaling are protected from BMP signal-
ing, which is a relatively long-range signal, by a tight domain of Noggin expression,
which is an inhibitor of BMP signaling. Abrogation of Noggin in developing carti-
lage leads to transient cartilage differentiation throughout and abolition of articular
cartilage differentiation [17, 18]. Moreover, ectopic expression of BMP in develop-
ing articular cartilage leads to transient cartilage differentiation at the expense of
articular cartilage differentiation. Similarly, misexpression of Wnt ligands in devel-
oping chicken limb also leads to ectopic expression of articular cartilage markers.
Moreover, exposure of BMP or Wnt to differentiated articular or transient cartilage
cells promotes ectopic transient or articular cartilage, respectively [17].

Taking these observations together, Ray et al. proposed a model for simultaneous
differentiation of articular cartilage and transient cartilage from a common popula-
tion of cells (Fig. 2.3). In this context, it may be noted that till date Wnt signaling is
the only signaling pathway identified which promotes articular cartilage differentia-
tion, while BMP and Ihh signaling pathways promote transient cartilage differentia-
tion. Components of TGFp signaling pathway are expressed in the perichondrium
as well as in the interzone. Existing literature suggests that TGFf signaling pathway
prevents hypertrophic differentiation. Smad3 is a major transcriptional mediator of
TGFp signaling pathway. A Smad3 mutant mouse expresses ectopic type X colla-
gen in the articular cartilage cells [19]. It needs to be stressed that while critical cells
that will undergo articular cartilage differentiation are protected from hypertrophic
differentiation but mere prevention of hypertrophic differentiation is not sufficient
for articular cartilage development, it needs a pro-articular cartilage signal, i.e., Wnt
to proceed in that direction.

2.2.3 Adult Articular Cartilage

Adult articular cartilage is a highly functionally specialized tissue. The articular
cartilage is found in diarthrodial or synovial joints and acts as a lubricating surface
capable of redistributing mechanical and compressive loads experienced at synovial
joints. The composition of extracellular matrix of articular cartilage is responsible
for its unique functional capabilities, and it is highly organized, with respect to cells
as well as collagen fibers. Extracellular matrix of adult articular cartilage is com-
posed primarily of water, collagen II, collagen IX, collagen XI, collagen VI, and
macromolecular protein aggregates known as proteoglycans, principal among
which is aggrecan, which is discussed previously. Adult articular cartilage is avas-
cular, aneural, and alymphatic and is hypocellular.
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Fig. 2.3 Model for differentiation of articular cartilage and transient cartilage simultaneously
from a common pool of progenitor cells. During embryonic development, soon after segmentation
has proceeded, cells on either side of the plane of segmentation are specified as interzone cells
which are flattened and nonproliferative. The region immediately adjacent to the interzone will
develop into articular cartilage, while the rest of the element will undergo transient cartilage dif-
ferentiation. However, there exists a band of proliferative, bipotential cells referred to as the distal
proliferative zone (DPZ). These bipotential cells express Col 2al, divide, and expand toward tran-
sient cartilage and articular cartilage domains. The transient cartilage is a field of BMP signaling,
whereas the interzone is a source of secreted Wnt ligands. Cells of the DPZ expanding toward
BMP signaling domain will undergo transient cartilage differentiation, while cells expanding
toward interzone will be exposed to Wnt ligands and differentiate into articular cartilage. These
two opposing signaling domains are separated by a thin band of Noggin expression (an inhibitor of
BMP signaling). This expression domain of Noggin insulates the cells expanding toward articular
cartilage domain from BMP signaling and differentiating as transient cartilage, ensuring the simul-
taneous differentiation of articular cartilage and transient cartilage

The principal cell type found is articular chondrocytes which make up to 2% of
the tissue volume and are arranged in functionally and structurally varied zones.
The superficial layer is composed of flattened cells which are specialized to secrete
a proteoglycan known as lubricin or Prg4, which creates a lubricated surface for
frictionless articulation at joint surface, and the collagen fibers in this layer are
aligned in parallel direction to that of the surface. These superficial fibers possess
high tensile strength and superior tolerance to mechanical strains and stresses that
the articular cartilage is subjected to. The superficial zone is also known to possess
a population of progenitor cells that can contribute to cartilage repair [20]. As these
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cells possess stem cell markers, they are also referred to as cartilage stem/progenitor
cells (CSPCs) [21].

The intermediate or middle zone is composed of round chondrocytes where the
collagen fibers are arranged oblique to the surface. This layer helps to protect the
cartilage from high compressive loads. This layer is fairly devoid of cells while rich
in matrix, thus making up the major volume of the tissue. The deeper layer of articu-
lar cartilage possesses the highest resistance to compressive forces, given that col-
lagen fibers are arranged perpendicularly to the surface and the cells are arranged in
columns. This zone possesses the highest proteoglycan content and largest collagen
fibrils and is largely devoid of water and replete with chondrocytes.

The deep zone is followed by the tidemark which is a transition between the
cartilage and the subchondral bone. The tidemark marks the beginning of calcified
zone, wherein the collagen fibers of articular cartilage attach to the bone and pro-
vide anchorage to the cartilage. The calcified zone is populated with hypertrophic
cells which express collagen X. The subchondral bone following the calcified bone
is also believed to be a source of bone marrow mesenchymal cells as it is the seat of
secondary ossification [14, 22].

Articular chondrocytes, the major cell type of adult cartilage, are unique cells
which are highly specialized to secrete the cartilage matrix and do not possess any
mitotic potential in normal conditions, a property thought to be responsible for the low
regenerative capacity of articular cartilage. These cells are critical for the functioning
of the normal cartilage and are the epicenters of articular cartilage pathologies as well.

2.3  Molecular and Histological Changes in Osteoarthritis
2.3.1 Overview of Principal Changes

Osteoarthritis is a disease that is primarily characterized by a progressive, irrevers-
ibly degradation of the articular cartilage which is attributed to a multifactorial eti-
ology. Since the earliest mention of osteoarthritis in the Greek medical literature
and the scientific description in the mid-nineteenth century, there has been much
progress in our understanding of this disease on the whole, but a lucid understand-
ing of the molecular processes responsible for the development of this disease still
eludes us. The stages in pathogenesis can be characterized molecularly and histo-
logically into multiple phases depending on the severity of the disease. These
changes mirror the increasing degradation of articular cartilage.

The principal changes during the development of osteoarthritis can be grouped
into two major categories: (1) gross changes and (2) cellular or molecular changes.

2.3.1.1 Gross Changes

Osteoarthritis is typically marked by a characteristic deterioration of articular carti-
lage that is spontaneous or in response to an injury-induced lesion known as a
defect. The progression of osteoarthritis on a macroscopic level affects different
zones of articular cartilage in different stages of the disease.
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During early stages of the disease, minor focal defects on the superficial layer of
the cartilage are observed. These changes include surface irregularities that do not
penetrate the middle zone and are limited in their thickness to a few cell layers.
A few cells can be seen undergoing hypertrophy and cell clustering or cloning
which is a result in an increase in mitotic index. There is some thinning of articular
cartilage in the middle compartments but is limited to surface layers only, and some
fibrillations are usually found.

During mid-level stage of the disease, the defects in the matrix penetrate to the
middle layers of the cartilage, and matrix fibrillations are branched and cover a size-
able portion of the articular cartilage surface. There is loss of proteoglycan-specific
staining such as Safranin-O, Toluidine blue, etc. The proportion of hypertrophic
cells is higher and the surface irregularities are pronounced. In advanced stage of
the disease, there is further erosion of the cartilage, and the surface layers are dam-
aged to a large extent such that there is an extensive sclerosis and bone protrusion
or osteophytes can be observed as the surface lesions have progressed to the sub-
chondral zone. The loss of proteoglycans is extensive and upon staining, an exten-
sive area not staining with Safranin-O or Toluidine blue is overt. The overall contour
of articular cartilage is lost, and there is an appearance of regenerated fibrocartilage
at some sites [23].

2.3.1.2 Molecular Changes

Articular cartilage function and maintenance are critically dependent on a tight
regulation of anabolism and catabolism that is mediated by the chondrocytes, and
any perturbation in this metabolism can lead to pathologies. During osteoarthritis,
the tightly regulated metabolism of articular chondrocyte is perturbed which can be
the result of a multitude of factors influencing the chondrocytes. On the whole there
is a loss of chondrocytes, because of extensive matrix fibrillations or lesions.
However, apoptosis has been ruled out as a probable cause of cell loss since cell
death has not been observed in multiple animal model-based studies [24].

The matrix synthesis carried out by articular chondrocytes is affected especially
during osteoarthritis. The principal change observed during osteoarthritis is a dys-
regulation of the turnover of the cartilage matrix, especially type II collagen,
aggrecan, collagen type IX, etc. A normal articular chondrocyte matrix is arranged
into three prominent zones: pericellular, territorial, and interterritorial matrix
depending on the distance from the surface of the articular chondrocyte [14]. The
pericellular matrix has receptors and interacting molecules, e.g., hyaluronan cog-
nate receptor CD44 and the discoidin domain receptor (DDR) (receptor for colla-
gen type II). In the immediately adjacent territorial matrix, aggrecan and other
macromolecular aggregates are found. Interterritorial matrix primarily comprises
of proteins such as cartilage oligomeric matrix protein (COMP), fibromodulin,
decorin, etc. The initial hallmarks of osteoarthritis include an upsetting of the
anabolism to catabolism ratio of chondrocytes for reasons not entirely understood
yet. This dysregulation of matrix metabolism manifests as generalized or focal
defect in the cartilage which is marred by a loss of matrix components such as col-
lagen type II and aggrecan.
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During the initial phases in experimentally induced osteoarthritis models of
mice, a spike in matrix synthesis is usually observed [25]. This initial spike in
synthesis is followed by matrix turnover dysregulation such as enhanced aggrecan
catabolism. The degradation of collagen and aggrecan are major hallmarks of
osteoarthritis [26]. The collagen degradation is the result of cleavage by enzymes
known as collagenases, which are actually matrix metalloproteinases (MMPs). The
major enzymes involved in cleavage of collagen are MMP-1, MMP-4, MMP-§,
MMP-13, and MMP-14 which are considered to play critical roles in the develop-
ment of osteoarthritis [27, 28]. It may be recalled that MMP-13 plays a crucial role
in matrix remodeling during endochondral bone formation as well [29]. Aggrecan
on the other hand is cleaved by matrix metalloproteinases as well as by another
group of enzymes known as disintegrates with integrin motifs (ADAMTS).
ADAMTS4 and ADAMTSS are the principal mediators of aggrecan cleavage in
articular cartilage [30, 31]. Loss of aggrecan leads to decreased resistance to com-
pressive stress and deformation, and given the dynamic mechanical loads at the
synovial joints, the stress relaxation response of articular cartilage is impaired
upon extensive aggrecan depletion.

The other principal molecule that is involved in the pathogenesis of osteoarthritis
is the vascular endothelial growth factor (VEGF). Articular cartilage is normally
avascular in nature and the blood supply is restricted to the subchondral bone. The
avascular nature of articular cartilage is attributed to the expression of anti-
angiogenic molecules specific to interterritorial articular cartilage zone such as
chondromodulin-I (ChM-I), tenomodulin, troponin, etc. [32, 33]. It is however
observed that osteoarthritic cartilage is replete with blood vessels. Interestingly, a
high level of VEGF expression is observed in articular cartilage during osteoarthri-
tis and is usually not found in healthy articular cartilage [34, 35]. Injection of VEGF
into knee joints in mice induces osteoarthritis-like changes [71]. Moreover, VEGF
induces the expression of matrix remodeling enzymes such as MMP-1 and MMP-
13 which are known to be important molecules in pathogenesis of osteoarthritis
[36]. It is known that VEGF plays a critical role during the later phases of endo-
chondral bone formation and that antibody-mediated inhibition of VEGF activity in
postnatal mice leads to a reduction in lengths of forming long bones and an uncou-
pling of cartilage remodeling, hypertrophic differentiation, and ossification [37].
Defects in bone formation are also observed in mice that are deficient in some iso-
forms of VEGF [38]. It is established that angiogenesis is a critical aspect of endo-
chondral bone formation and that VEGF is a principal mediator of vascular invasion
during bone development.

Osteophytes, or bone spicules, are bony outgrowths that arise in the articular
cartilage during the pathogenesis of osteoarthritis. They are characteristic of osteo-
arthritis development and are often used as diagnostic feature for clinical determi-
nation of osteoarthritis as they are prominently visible during radiographic
examination of joints [39]. Moreover, experimental models of osteoarthritis in
mice, rats, dogs, and rabbits also exhibit development of osteophytes [40]. There is
no universally accepted explanation for the appearance of osteophytes as some
groups claim that they are an attempt at cartilage repair, while there is a view that
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osteophytes develop in order to tackle the mechanical instability at joint surfaces
that results due to progressive degradation of articular cartilage. However, the for-
mation of osteophytes has been molecularly characterized, and it is established that
it starts with a cartilage template which undergoes endochondral ossification, albeit
ectopically, and finally leads to the development of the bone [41]. The osteophytes
are composed of hypertrophic cells expressing collagen X, which also express
MMP-13 and VEGEF, and subsequently secrete matrix rich in Collal and permit
ossification though they are also known to express Col 2al and aggrecan [42]. The
osteophyte extracellular matrix is not conducive for the natural function of articu-
lar cartilage, and since osteophytes are bony in nature, this enhances the friction at
the joint surfaces and worsens the prognosis of osteoarthritic patients [43]. One
may recall that the end point of endochondral ossification is also the formation of
Col I-expressing osteoblasts.

2.3.2 Resemblance to Transient Cartilage Differentiation

During endochondral ossification, the cartilage that stays as cartilage, i.e., perma-
nent cartilage, and the cartilage that eventually is replaced by the bone, i.e., the
transient cartilage, come from the same population of cells [17]. As discussed ear-
lier, this is brought by a tightly regulated precise spatial domain of BMP and Wnt
signaling influence. It has been demonstrated that chondrogenic cells of the devel-
oping limb elements which express Col 2al, and are exposed to Wnt signaling ema-
nating from the interzone region, will finally differentiate as articular cartilage cells,
while cells exposed to BMP signaling will end up as transient cartilage eventually
getting replaced by the bone [17].

During transient cartilage differentiation, there is a predetermined chain of
molecular events that proceeds in a sequential manner. The first step in transient
cartilage differentiation is the expression of pre-hypertrophic marker Thh which is
followed by an expression of Col X, a marker of hypertrophic chondrocytes. The
next step is the remodeling of cartilage matrix mediated by MMPs followed by
vascular invasion mediated by VEGF and subsequent recruitment of osteoblasts
expressing type I collagen. There is an uncanny resemblance between the process of
transient cartilage differentiation and the order of events leading to pathogenesis of
osteoarthritis. A critical aspect of pathogenesis of osteoarthritis is hypertrophic dif-
ferentiation which is crucial to endochondral bone formation. The articular chon-
drocytes in healthy cartilage do not show hypertrophic features, but during
osteoarthritis, there is an expression of markers such as Col X. The expression of
hypertrophic markers has been shown to increase with the severity of the disease
[44]. Therefore, hypertrophy is often used as a marker of degradation of cartilage
though there is currently no census on this.

Akin to endochondral ossification, matrix remodeling during osteoarthritis is
also accompanied by invasion of blood vessels. Osteoarthritic cartilage shows over-
expression of VEGF receptors and ligands in both human patients and experimental
animal models. The role of VEGF in the pathogenesis of osteoarthritis is not
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Table 2.1 Comparison of markers among articular cartilage, transient cartilage, and osteoar-
thritic cartilage

Adult articular Transient Osteoarthritic
Marker cartilage cartilage cartilage
Type II collagen Yes No Degraded
Aggrecan Yes Degraded
Thh No Yes Yes
Type X collagen No Yes Yes
MMP-13, MMP-2, MMP-9 No Yes Yes
ADAMTS-4, ADAMTS-5 No Yes Yes
(aggrecanases)
VEGF No Yes Yes
Runx2 No Yes Yes

completely clear, but it has been linked to osteophyte formation, which is a feature
of advanced-stage osteoarthritis [45]. Hypertrophic cells in osteoarthritic cartilage
express VEGF which substantiates the hypothesis that osteophyte formation during
osteoarthritis could be mediated by VEGF.

During transient cartilage differentiation, matrix remodeling by MMP-13 fol-
lows an invasion of hypertrophic cartilage by blood vessels. The matrix remodeling
process is a crucial aspect in the development of osteoarthritis because the loss of
tensile and compressive properties of articular cartilage in a mechanically active
environment leaves little scope for recuperation of damage in a tissue that bears
little regenerative potential of its own. MMP-13 has been shown to be especially
overexpressed in cartilage of osteoarthritic patients [26].

Similarly, expression of Col I is also observed during osteoarthritis in articular
cartilage which is often the result of cartilage repair program that leads to the devel-
opment of a mechanically inferior fibrocartilage in place of the native cartilage and
contributes to osteophyte formation [46]. Moreover, the expression of Runx2, which
is a marker for osteoblast differentiation, is also routinely observed in osteoarthritic
cartilage as well as osteophytes in patients and in experimental models. It is easily
observable that much of the progression during disease development in osteoarthri-
tis hints at a recapitulation of transient cartilage differentiation program (Table 2.1).
The pertinent question is whether the same regulatory mechanism that drives tran-
sient cartilage differentiation also mediates the pathogenesis of osteoarthritis. This
may be addressed by combining genetics and surgical manipulations in experimen-
tal mouse models of osteoarthritis.

2.3.3 Developmental Biology Perspective on Osteoarthritis

The discussion in the preceding section highlights the similarity between osteoar-
thritis and transient cartilage differentiation. It has been observed that the develop-
ment of osteoarthritis closely follows molecular events that are characteristic during
the differentiation of transient cartilage. Moreover, multiple studies exist where a
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perturbation of a signaling pathway important for transient cartilage differentiation
leads to the development of osteoarthritis-like phenotype.

An important signaling pathway in the context is the hedgehog signaling path-
way, which regulates the rate of transient cartilage differentiation, in conjunction
with the PTHrP pathway. It has been observed that there is an upregulation of Thh
signaling in osteoarthritic cartilage from experimental mouse models or human
patients. Moreover, ablating hedgehog signaling in a surgical model of osteoar-
thritis, using a conditional knockout mouse strain, or use of pharmacological
inhibitors of the pathway leads to an attenuation in the severity of the osteoar-
thritic phenotype (Lin C et al.). Ihh is a critical regulator of the rate of hypertro-
phic differentiation (Vortkamp), and the observation that inhibiting Ihh signaling
retards the development of osteoarthritis in an experimental model of osteoarthri-
tis indicates that hypertrophic differentiation is a critical component of osteoar-
thritis pathogenesis.

TGFp signaling via Smad3 is a critical negative regulator of hypertrophic dif-
ferentiation and is believed to be important for maintenance of articular cartilage
fate. Interestingly, blocking TGFf signaling, through the use of a truncated ver-
sion of the TGFpreceptor II (TGFBRII), in articular cartilage specifically leads to
the development of a progressive osteoarthritic phenotype [47]. Such a genetic
manipulation promotes articular cartilage degradation and also increases the
expression of matrix-degrading enzymes such as MMP-13 and ADAMTSS.
Similarly, specific deletion of TGFBRII in the subchondral bone mesenchymal
cells in a surgical model of osteoarthritis also impairs the development of osteo-
arthritis [48]. These studies provide critical hints that transient cartilage differen-
tiation is necessary for the development of osteoarthritis and the same molecules
that regulate transient cartilage differentiation are also involved in the develop-
ment of osteoarthritis.

Moreover, Wnt signaling, which is the only known pro-articular cartilage dif-
ferentiation signal [49, 50], is also associated with the development of osteoarthri-
tis. In a study, ablation of canonical Wnt signaling using a mutated version of
[B-catenin, specifically in cartilage, leads to articular cartilage degradation and
growth plate defects [51, 52]. Interestingly, however, in the same study authors
observed articular cartilage degradation upon transient misexpression of canonical
Wnt signaling in the cartilage. The above results are not conclusive as to the role
of Wnt signaling vis-a-vis maintenance of articular cartilage versus promotion of
osteoarthritis. However, the experimental design of these studies was focused on
early development of articular cartilage, and no genetic manipulation was per-
formed exclusively in the adult fully developed articular cartilage. However, the
role of developmental pathways important for articular cartilage differentiation
and onset of osteoarthritis is indicated nevertheless. Thus, not only there is a stark
cell biological resemblance between the processes of transient cartilage differen-
tiation and development of osteoarthritis, but also the same molecular players that
promote transient cartilage differentiation seem to be dysregulated/ectopically
activated during osteoarthritis.
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2.4  Current Therapeutic Options for Osteoarthritis
and Their Limitations

There are two fundamental problems associated with treating osteoarthritis. First is
the nonproliferative nature of articular chondrocytes. Thus, even if the degradation
of articular cartilage is arrested, the possibility of the defect healing on its own is
nonexistent. Second is the progressive nature of the disease. It has been mentioned
earlier that articular cartilage is present in the privileged location and is avascular,
alymphatic, and aneural in normal conditions. However, the osteoarthritic articular
cartilage is vascularized, innervated, and connected by lymph vessels. Thus it is
likely that the diseased tissue is chronically exposed to molecules which it would
never experience under normal circumstances. It is further possible that this chronic
exposure is the cause of the progressive degenerative nature of the disease. Thus in
the absence of the ability to heal the disease and/or restore the niche in which the
tissue normally resides, the treatment regimen primarily focuses on alleviating the
symptoms.

There is a lot of research that targets osteoarthritis and aims at coming with new
modes of treatment for osteoarthritis. Given the large number of people affected by
this disease and its debilitating impact on patients, the efforts for developing suc-
cessful strategies for treating osteoarthritis have grown manifold over the decades.
An overview of current therapeutic strategies is crucial for a discussion on the need
for coming up with new strategies or adopting new perspectives on tackling osteo-
arthritis. The primary modes of management of osteoarthritis can be divided into
two major categories: (1) nonsurgical and (2) surgical.

2.4.1 Nonsurgical

The primary symptoms of osteoarthritis are joint pain, swelling or inflammation,
and discomfort during locomotion. Nonsurgical clinical management of osteoarthri-
tis is targeted at ameliorating these primary symptoms of the disease. There are two
major nonsurgical approaches: (a) pharmacological approaches and (b) non-
pharmacological approaches.

2.4.1.1 Pharmacological Approaches

The principal components of pharmacological therapies are nonsteroidal anti-
inflammatory drugs (NSAIDs), topical or non-topical corticosteroids, and some
analgesics.

(a) NSAIDs: The cornerstone of pharmacological interventions for managing
osteoarthritis currently is anti-inflammatory drugs which are commonly used
as the first line of therapy for pain management and countering inflammation
associated with the disease. NSAIDs are generally used as oral medications
but can be used topically as well for local management of inflammation. They
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(b)

(c)

(d)

are commonly reported to have gastrointestinal adverse effects, and some,
especially COX-2 inhibitors, are supposed to be used with caution in the case
of patients with cardiac complications which can be a source of concern for
patients on longer regimens.

Acetaminophen: Paracetamol or acetaminophen is the most commonly used
drug for joint pain management in patients with moderate or mild pain. The
dosage of acetaminophen required to elicit pharmacological effects is higher as
compared to NSAIDs. Long-term administration of acetaminophen is associ-
ated with hepatotoxicity and gastrointestinal side effects which may limit its
therapeutic benefits in some patients [52].

Corticosteroids: Corticosteroids can alleviate pain and inflammation upon top-
ical application. Intra-articular administration is recommended for moderate to
severe pain in the guidelines given by Osteoarthritis Research Society
International (OARSI) for nonsurgical management of osteoarthritis on a
short-term basis. Administering corticosteroids is especially recommended in
case of pain not responding to analgesics or NSAIDs. For long-term basis,
however, intra-articular corticosteroids are not the treatment of choice as there
have been some reports of adverse effects such as flares, atrophy, or steroid-
related arthrosis [53].

Visco-supplementation: The visco-supplementation approaches aim at replen-
ishing components of the native cartilage such as glycosaminoglycans, hyal-
uronic acid, etc., so as to modify the disease and counter the pain. The
intra-articular administration of chondroitin sulfate, a glycosaminoglycan, is
usually used, but no consensus exists regarding the effectiveness of the
approach. Similarly, hyaluronic acid is also used as a visco-supplement, and
it has some limited efficacy in terms of pain relief, but it is far from being
established as a mainstay treatment as trials with little or no effect have also
been reported [52].

The basic limitation of first-line therapy for osteoarthritis is that most of the

therapies currently used are purely symptomatic. Anti-inflammatory drugs or anal-
gesics do not in any manner retard the progression or reverse the degradative
changes associated with osteoarthritis. At best these drugs principally counter only
the pain and inflammation associated with the disease. Moreover, some of the gas-
trointestinal adverse effects or hepatotoxicity associated with these medications can
limit their use for long-term treatment, and the cost associated with regular treat-
ment on a long-term basis is another major concern.

2.4.1.2 Non-pharmacological Management

(a)

Biomechanical interventions: These include braces, orthoses, etc. which aim at
correcting the alignments of joints and providing support which can be used to
reduce the loading strain on damaged cartilage. They are recommended for
osteoarthritis affecting any or multiple joints as well. They aid in long-term
management of the disease and are reported to alleviate discomfort and pain
associated with osteoarthritis.
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(b) Exercise, weight management, crutches, and other commonly used approaches
manage osteoarthritis so as to tackle discomfort and improve locomotion.
These approaches are also recommended for long-term management as they
are patient intensive and aid the patients in managing the disease by them-
selves [54].

2.4.2 Surgical Management

During the past few decades, there has been an emphasis on development of
approaches for management of osteoarthritis refractory to pharmacological inter-
vention and for tackling advanced-stage disease. Surgical management is the final
line of treatment for advanced-stage disease where normal joint function cannot be
resumed unless radical procedures are performed. However, some surgical tech-
niques also aim at stimulation of cartilage repair program so as to counter progres-
sive deterioration or reverse degradative changes. There are three principal
approaches for surgical management of osteoarthritis [55]:

(a) Arthroscopic procedures: Arthroscopy is a minimally invasive technique that
provides agreeable access to the knee joint so that surgical procedures can be
performed with ease. The principal therapeutic procedure used in osteoarthritis
management is debridement and lavage. During osteoarthritis, the perturbed
mechanical environment affects joint structures such as the ligaments and the
menisci, and this can often lead to friction as a result of the brushing together of
elements and lead to accumulation of debris; degradation products such as crys-
tals, precipitates, etc., and inflamed proliferative synovium to interfere with
joint function [56].

Arthroscopy is used to clear the debris or detritus accumulating in the joint
space (lavage) or to scrape the surface of the cartilage (debridement) which is
thought to remove debris while stimulating the cartilage to repair. The thera-
peutic efficacy of arthroscopy in managing osteoarthritis is questionable as
significant long-term benefits have not been observed in some clinical studies,
while some reports suggest an alleviation of the symptoms associated with the
disease [57].

(b) Marrow stimulation techniques: Certain surgical procedures aim at initiating
the repair of cartilage in the case of focal chondral defects by stimulating the
resident chondrocytes in the articular cartilage or by stimulating invasion of
subchondral bone marrow mesenchymal cells. The most commonly used tech-
nique in this regard is the microfracture wherein a surgeon uses an awl to drill
multiple holes which are 3—4 mm deep and are a few millimeters apart from
each other on the surface of the cartilage. This technique is thought to promote
the repair of cartilage by mesenchymal stem cells, coming from the subchon-
dral zone, which can differentiate into cartilage and lead to regeneration.

Another such surgical technique used to repair chondral defects is autol-
ogous chondrocyte implantation (ACI). In ACI, a biopsy is collected from
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(c)

(d)

the articular surface which acts as the source of chondrocytes for repairing
the cartilage defects. These chondrocytes are expanded in culture for a cer-
tain number of passages and then transplanted back into the defect while
covering the defect with a periosteal flap or collagen membrane. This pro-
vides a source of active chondrocytes which can proliferate and synthesize
new cartilage matrix to fill the lesions or defects so as to regenerate dam-
aged tissue [58].

Among the therapeutic modes that depend on in situ chondrocyte regen-
eration, microfracture technique is somewhat successful in initiation of
repair over a short term, but results in the long-term studies are not encourag-
ing as there are complications. Principal limitations include the failure of
neocartilage to sustain its native cartilage properties such as ability to bear
sustained mechanical loading. More often than not, the cartilage that regen-
erates is fibrocartilage and not articular cartilage. Moreover, the volume of
cartilage regenerated is often not sufficient [59]. Autologous chondrocyte
implantation techniques are plagued with shortcomings such as an inability
to maintain native cartilage characteristics and cost, and the two-stage proce-
dure needed to implement this procedure limits its application for many
patients [60].

Osteotomies: The progressive damage to joints during osteoarthritis leads to
cartilage damage in a compartmentalized manner which increases friction and
impairs mechanical loading at one compartment of the articulating surface.
Moreover, the progressive loss of cartilage from certain regions often leads to
misalignment of the articulating bones leading to varus or valgus deformity
which usually hinders joint function and enhances the rate of cartilage degrada-
tion. To counter such misalignment, surgeons usually perform procedures
known as osteotomies, where in the surgeons remove a part of the bone which
is usually taken from tibia which is done in such a manner so as to shift the
mechanical load toward an undamaged compartment and to relieve the dam-
aged cartilage of abnormal loading. Osteotomies are usually effective in reliev-
ing the distress and restoring joint function in a large number of patients with
moderately severe disease [61].

Total knee arthroplasty: For patients with severe disease where most of the
joint function is lost, the only treatment available is knee arthroplasty or
total knee replacement. Total knee replacement is done with a prosthetic
knee in which alloy based implants replace the native femoral or tibial com-
partments. The postoperative care needed with total knee replacement is
extensive so as to retain the normal level of joint function and range of
movements. Prosthetic knees are known to last as long as 15 years postsur-
gery, and new intraoperative procedures are being used to improve patient
outcomes [61, 62]. The principal limitations of total knee replacement are
that in patients with early onset, it is not a practicable option given the shelf
life of the prosthesis. Moreover, extensive rehabilitation and surgical com-
plications accompany this major procedure, and there is loss of some level
of range of motion.
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2,5 Emerging Therapies: Tissue Engineering Strategies

Since osteoarthritis is a disease that is characterized by a progressive damage of
permanent cartilage, efforts are going on to come up with avenues of treatment
where the damaged tissue can be repaired or healed and the degradation halted.
Tissue engineering approaches aim at regenerating functional cartilage which is
similar to native cartilage so as to treat osteoarthritis. These approaches are gener-
ally used in conjunction with surgical interventions since they aim at stimulating
repair at the sites of cartilage damage. Tissue engineering is an upcoming approach
that has gained momentum in the past decade since cartilage is a tissue with negli-
gible regeneration potential and a vast number of constructs have been generated in
the past decade.

The first-generation regenerative strategies for cartilage repair included micro-
fracture and autologous chondrocyte implantation which have been discussed previ-
ously. However, these strategies were followed up by numerous novel strategies
which aimed at generating functional cartilage in vitro that could maintain its native
properties upon transplantation into defective regions. The majority of tissue regen-
erative strategies in place today are based on 3D matrices or scaffolds which can be
cellular or acellular [63].

Scaffold-based tissue engineering approaches basically use cells isolated from
patients which are injected into 3D scaffolds built from a variety of materials that
are designed so as to promote differentiation of these cells into desired phenotype.
There are a number of variables which are tweaked in order to generate functional
cartilage. These include the nature of materials for scaffolds, cell sources, etc. [64].
A large variety of materials are used to develop scaffolds for tissue engineering. In
the context of cartilage regeneration, the most commonly used scaffold materials
include biopolymers of hyaluronic acid, polycaprolactone (PCL), polyglycolic
acids, polylactides, and silk polymers. These materials are used to make porous
scaffolds. The chosen materials are generally biocompatible, biodegradable, and
bioresorbable that are seeded with cells. The scaffolds provide the cells a suitable
surface so as to differentiate into needed phenotype. To ensure that the cells seeded
in a scaffold can indeed differentiate into desired cell types, native materials are
used. For instance, collagen conjugated with hyaluronic acid is often used for devel-
oping cartilage constructs, since both collagen and hyaluronic acid are components
of native cartilage. Moreover, biomaterials for tissue engineering are selected such
that their turnover does not precede the duration needed for transplanted cells to
differentiate and that there are no toxic or unwanted products upon degradation of
the biomaterial [65].

A suitable source of cells is another major variable in tissue engineering. The
commonly preferred cells for use in cartilage tissue engineering are mesenchymal
stem cells which reside in the subchondral bone region and can differentiate into
chondrogenic lineage. Also, some studies have shown that articular chondrocytes
have better potential as cell source for chondrogenic defect repair. The choice of a
proper cell source is critical for articular cartilage engineering since cartilage ECM
has a unique composition of collagen (35-55%), water (70-80%), and charged
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glycosaminoglycans. The scaffold fabrication is another important aspect in gener-
ating functional cartilage. Given the highly organized arrangement of ECM in artic-
ular cartilage, many scaffolds are fabricated so as to generate layered constructs
which mimic the native tissue arrangement. Recent experimental studies have dem-
onstrated that coculture of articular chondrocytes with mesenchymal cells from sub-
chondral bone gives better results [58, 63]. Similarly, engineered cartilage using
articular chondrocytes do not undergo hypertrophic differentiation. Of late, the cru-
cial role of the cartilage stem/progenitor cells (CSPCs) that reside in the superficial
zone of articular cartilage is being studied as a possible source of cells for regenerat-
ing damaged cartilage during conditions such as osteoarthritis. The CSPCs are ideal
candidates for regenerating articular cartilage since they are capable of secreting
molecules specific to articular cartilage ECM such as Prg4 or lubricin, which is
principally responsible for the smooth, frictionless surface possessed by the top-
most layer of cartilage. Moreover, these cells can regenerate native cartilage without
undergoing hypertrophic or transient cartilage differentiation [21].

Cells which are seeded onto the scaffolds are allowed to differentiate and secrete
ECM following which they are generally transplanted into the defects so as to fill
them and repair damaged cartilage. Over a course of time, the transplanted cells will
have secreted enough matrix and the biomaterial resorbed or metabolized depend-
ing on its half-life. The cells from the scaffolds will populate the damaged tissue
and ultimately replenish the matrix so as to generate native cartilage. Many such
tissue engineering scaffolds are available commercially and have shown effective-
ness in clinical trials.

Tissue engineering constructs are also supplemented with growth factors which
enhance the differentiation of seeded cells into the desired lineage. For chondro-
genic differentiation, mesenchymal stem cells are often supplemented with TGFp,
FGF, BMP-7, etc., which are known to drive the differentiation of stem cells into
chondrocyte fate. Moreover, next-generation strategies such as matrix-assisted
chondrocyte implantation (MACI) and scaffoldless tissue engineering constructs
are upcoming for treating osteochondral defects and diseases such as osteoarthritis
and have shown promise during initial studies.

Tissue engineering approaches, though promising, are still far from addressing
the actual concerns associated with osteoarthritis. A very common limitation of tis-
sue engineering is the development of hypertrophy in vivo upon transplantation to
the site of defect [66]. The neocartilage often expresses Col I and X and undergoes
ossification [67]. The other area of concern is the inability of the regenerated carti-
lage to maintain the highly specific zonal arrangement of collagen fibrils found in
the native cartilage. Moreover, regenerated cartilage is often the mechanically infe-
rior form, i.e., fibrocartilage, which expresses Col I instead of Col II in articular
cartilage [68]. Efforts are ongoing to tackle these shortcomings by the use of matrix-
assisted implantation techniques, fabrication of scaffolds which mimic the zonal
organization of native cartilage, and the use of acellular scaffolds. However, a highly
successful tissue engineering strategy is yet to be developed.
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The reversion of regenerated cartilage to hypertrophic differentiation and Col I
expression indicate that during osteoarthritis, the tissue microenvironment in the
cartilage is altered. It is highly likely that a signaling pathway which promotes
transient cartilage differentiation is operative during osteoarthritis which is likely
the reason for the failure of the cells of neocartilage to maintain articular cartilage
fate. This is supported by studies where inhibition of a signaling pathway critical
for transient cartilage differentiation, i.e., BMP signaling in cultured mesenchy-
mal stem cells, abolishes hypertrophic differentiation which is otherwise observed
in engineered cartilage constructs or cells transplanted to the sites of chondral
defects [69].

2.6 Potential Therapy Using Developmental Biology Insight

The ultimate aim of the tissue engineering approaches is to transplant in vitro syn-
thesized cartilage in the defect area. The objective of this approach ought to be to
synthesize and transplant cartilage which will have the biomechanical and cellular
properties of articular cartilage and not transient cartilage. However, most of the
present approaches suffer from the problem that the transplanted tissue eventually
becomes hypertrophic cartilage like.

Based on the discussion above, we hypothesize that osteoarthritis is essentially
the trans-differentiation of articular cartilage to transient cartilage. From that per-
spective, it is possible that two problems, which are not necessarily mutually exclu-
sive, are plaguing the current approaches. One, the constructs being implanted is not
articular cartilage rather transient cartilage. Two, the persistent niche in an osteoar-
thritic joint promotes hypertrophy. Reexamining these regenerative medicine
approaches from a developmental biology vantage point may help significantly.

At present all groups assess the success of in vitro synthesis by examining
expression of a battery of markers that do not discriminate between these two types
of cartilages. It is very much possible that the tissue that is being transplanted in
most of these approaches is closer to the transient cartilage than to the articular
cartilage and as a result with time the transplanted tissue undergoes hypertrophy
[66]. With the advent in our understanding of articular cartilage development, we
now know a variety of markers which are specific to either the articular cartilage or
the transient cartilage. Thus, evaluating the tissue-engineered constructs against
these markers will help assess the nature of the cartilage produced. Also, it must be
noted that mere prevention of hypertrophy is not the same as development of articu-
lar cartilage. The tissue-engineered construct must be induced to adopt articular
cartilage fate, and therefore, effect of activation of Wnt signaling pathway in these
constructs should be explored.

Moreover, the success of tissue engineering-based strategies is only short term,
i.e., the transplanted tissue maintains native features for some length of time but
fails to sustain them [67]. This is suggestive that the molecular environment that
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brings about maintenance of articular cartilage is not present in diseased tissue and
that altered molecular microenvironment is critically linked to cartilage pathology
and should be taken into account while crafting a regenerative strategy.

Till date no regenerative medicine approach has been crafted to neutralize the
changed molecular environment of osteoarthritic cartilage. The possibility remains
that vascularization, innervation, and lymphatic invasion create a molecular envi-
ronment which can induce articular cartilage to undergo transient cartilage and/or
osteoarthritic changes. Thus, even if an in vitro-constructed cartilage, which is
molecularly indistinguishable from native articular cartilage, is transplanted at the
defect site, it will eventually undergo hypertrophic differentiation and form a neo-
cartilage with inferior mechanical properties and considerably different matrix
composition. Studying the niche which is experienced by osteoarthritic articular
cartilage can lead to the identification of factors which can promote transient carti-
lage differentiation. This information in turn can be used for development of strate-
gies to neutralize such influence(s) which may be of critical consequence for disease
modifying therapy of osteoarthritis.

The other important factor that needs careful consideration from the regenerative
medicine point of view is the stem/progenitor cell type to be used. Since no attempt
has been made thus far to specifically generate articular cartilage in vitro, any, and
many, of the popularly used stem cell types may be explored. The currently favored
bone marrow mesenchymal cells are capable of chondrogenic differentiation but
often differentiate into hypertrophic cartilage or develop fibrocartilage [70], which
is ill suited for articular cartilage functioning. Articular chondrocytes, on the other
hand, are less likely to undergo hypertrophic differentiation in culture and upon
transplantation. Similarly, the potential of using cartilage stem/progenitor cells is
very high as suitable cell source since they are innately capable of generating native
cartilage during injury or trauma and are known to produce high levels of Prg4
which imparts the frictionless properties to articular cartilage. Moreover, CSPCs are
known to migrate and regenerate articular cartilage in a zone-specific manner,
which is critical to the functioning of the tissue under high mechanical loads and
can mimic native cartilage to the highest extent [21].

Finally, in vivo the articular cartilage that forms from progenitor cells during
early embryonic development has very high cell density, but the articular cartilage
that undergoes osteoarthritic changes and needs to be regenerated is extremely
hypocellular. Thus, the question may arise whether one should attempt to tissue
engineer the embryonic version of articular cartilage or the adult version. In our
opinion, one should attempt to make the embryonic version and experiment whether
the mechanical loading experienced by the construct post-implantation can enhance
ECM production. Our understanding of the process of embryonic articular cartilage
differentiation is advancing rapidly. Soon it may become possible to emulate the
molecular events that are encountered by differentiating limb mesenchymal cells
in vitro to construct tissue-engineered articular cartilage. In such cartilages if trans-
planted in the patients while at the same time measures are taken to restore the
normal niche of articular cartilage, we may have success in treating osteoarthritis
effectively.
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Conclusions

In summary, osteoarthritis is major health problem afflicting a very large popula-
tion. Existing literature suggests that surgical interventions are unlikely to cure
the disease. On the other hand, stem cell-based regenerative medicine, albeit in
conjunction with surgical approaches, offers a glimmer of hope. However, for
these techniques to emerge as routine curative process, a thorough and careful
analysis of articular cartilage differentiation and maintenance as well as the
molecular nature of the normal articular cartilage and osteoarthritic cartilage
needs to be conducted. Developmental biology-based insight is likely to help.
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Unraveling the Role of Long Noncoding
RNAs in Pluripotent Stem Cell-Based
Neuronal Commitment and Neurogenesis

Soumya Pati and Shailja Singh

Abstract

Adult neurogenesis is primarily directed by neural progenitor cells, which reside
in the subventricular zone (SVZ) and subgranular zone (SGZ) of the brain.
Unfolding transcriptional heterogeneity and complexity of various neurodevel-
opmental stages can probe new insights into neurogenesis and neurodevelop-
mental disorders. Recent findings have suggested that epigenetic regulatory
mechanisms in neural differentiation involve long noncoding RNAs (IncRNAs)
as a new genre of regulators. Although many studies have addressed the overall
consequences of the noncoding RNome (noncoding RNA content) on the
genome, lesser is known about their specific roles and consequences in adult
neurogenesis, neurodevelopmental stages, and onset of neuropathology. Recent
advances in induced pluripotent stem cell (iPSC)-based neurological disease
modeling have shed light on new avenues to investigate neuronal development as
well as molecular paradigms underlying onset of neurological impairments.
However, due to limited availability of brain tissues and gap in the understanding
of IncRNA biomarkers in neurodevelopment, the study of IncRNA in neurogen-
esis still exists at its infancy. To further understand the IncRNA-mediated regula-
tion in stage-specific development of pluripotent stem cell-derived neurons and
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other brain cells, we identified potential IncRNA signatures implicative in brain
development or dysregulation using data mining and analyses. They may be used
in monitoring disease progression and may serve as potential targets for novel
therapeutic approaches.

Keywords
Adult neurogenesis ® Neural progenitor cells ® IncRNA

Abbreviations

AP Anteroposterior

DA Dopaminergic

DCX Doublecortin

DG Dentate gyrus

EB Embryonic body

hESCs Human embryonic stem cells
iPSCs Induced pluripotent stem cells
IncRNAs Long noncoding RNAs

NECs Neuroepithelial cells

NGS Next-generation sequencing
NPCs Neural progenitor cells
PSA-NCAM Polysialylated neural cell adhesion molecule
SGZ Subgranular zone

snoRNAs Small noncoding RNAs

3.1 Introduction

The process of neurogenesis involves the generation of neurons from neural stem
cells or neural precursor cells. It is a very dynamic process, which requires constant
regulation of gene expression [1]. During the pre- and postnatal development of the
adult brain, it occurs mainly in two major locations of the brain structure, namely,
the hippocampus (dentate gyrus) and the subventricular zone, a part of the sulci
spaces of the brain. Postnatally, the role of neurogenesis has shifted from brain
development into brain regenerative plasticity. From then on, neurogenesis takes
place only in specific niches in the adult brain, in the subgranular zone (SGZ) of the
dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) [2].
Existing evidences suggest substantial levels of hippocampal neurogenesis in the
adult brain, estimating about 700 new neurons a day in the DG [3]. Humans replace
~35% of the DG, while rodents are estimated to replace only 10% [4, 5]. Recent
information also suggests that in humans and rodents, the striatum may be a source
of adult neurogenesis as well [6, 7]. It is noteworthy that deregulated neurogenesis
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Fig. 3.1 Stage-specific differentiation of neurons from pluripotent stem cells. Pluripotent stem
cells are induced to neuronal lineages through three major stages, including neural induction (EB),
neural proliferation (rosette/NPC), and neural differentiation (NPC/neuron). All these stages could
be validated by using several stage-specific markers (as indicated in the figure)

is strongly linked to several syndromic as well as idiopathic neurological disorders,
including fragile X syndrome, Rett syndrome, FOXG1 syndrome, Down syndrome,
schizophrenia, autism, epilepsy, etc. [8]. Recent evidence supports a critical contri-
bution of dysfunctional postnatal neurogenesis, via both loss-of-function and gain-
of-function modes, to developmental disorders and may be a crucial mechanism
that initiates the onset of disorders [9]. Remarkable discovery of somatic cell pro-
gramming-based generation of induced pluripotent stem cells (iPSCs) by Yamanaka
during 2014 has opened new avenues to remodel embryonic brain development and
the disease pathology in vitro [10]. This also led to a huge leap in understanding of
the cellular and molecular mechanisms underlying iPSC-derived neuronal differen-
tiation and neurogenesis. Emerging evidences revealed that hiPSCs could mimic all
the stages of neuronal development (Fig. 3.1), including “hPSC to EBs to rosette to
NP to neurons.” Under optimal guidance cues, these hiPSCs could generate differ-
ent types of neurons (dopaminergic, glutamatergic, and motor neurons), astrocytes,
and microglia. Though rapid scientific advancements since the last century have
helped us to explore the field of adult neurogenesis, a huge gap still exists in the
knowledge regarding the epigenetic regulatory mechanisms underlying early onset
of neurological disease and their progression.

Over the last decade, high-end transcriptomic profiling unraveled a new genre of
epigenetic factors known as long noncoding RNAs (IncRNAs), involved in epigen-
etic regulation and transcriptional and translational regulation in multiple cellular
processes [11]. To mention a few, some specific IncRNAs involved in the normal
cellular development include control of muscle differentiation (Linc-MD1), apopto-
sis (uc. 73), regulation of cell growth (SPRY4-IT1), reprogramming of iPSCs (Linc-
ROR), chromatin remodeling (XIST, TSIX), and development (ZFAS1). In case of
mammalian brain, IncRNAs are expressed in the mammalian brain in a highly pat-
terned manner, but their roles in brain development have just begun to emerge [12].
Lately, iPSC-mediated neuronal differentiation had provided an excellent tool to
decipher the roles of IncRNAs in neurogenesis and neurodevelopmental defects.
This article represents a comprehensive description of the existing IncRNAs and
their specific function in neural progenitor-based neurogenesis.
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3.2  Adult Hippocampal Neurogenesis

Process of functional neuron generation from neural progenitors was known to be
restricted to pre- and postnatal brain development during the early nineteenth century.
The doctrine of neurogenesis was then discovered during the nineteenth century by
the Spanish neuroscientist Santiago Ramén y Cajal (1899-1904), who used a simple
staining method established 14 years prior to the Italian physician Camillo Golgi [13].
The stain, as Golgi termed “la reazione near,” or “the black reaction,” which was
produced by silver nitrate staining of preserved brain tissue, could give the basic neu-
roanatomical structural view of neuronal circuits inside the brain for the first time in
the history of neuroscience. This work earned Nobel Prize in Physiology and Medicine
to Cajal in 1906, which he shared with Golgi despite their disagreement over the basic
structure of neuronal architecture. However, days after this groundbreaking research
involving neurons and neural circuits by Golgi and Cajal, a lot of skepticism rose
regarding the restorative capacity of neural precursors and regeneration of adult neu-
rogenesis throughout the lifetime. Keeping in view the labyrinthine nature of neuronal
circuits, it seemed impossible to assume that there can be ever a possibility of birth of
new neurons and their integration into functional neuronal circuits. This jinx was later
cleared by a report published by Altman and Das during the mid-1960s, which sug-
gested that adult neurogenesis is not just restricted to developmental stages and the
regenerative capacity of the neural progenitor cells can be exploited against brain
injury [14]. They published a set of papers on [3H]-thymidine labeling and detected
two groups of proliferating cells, namely, one which could produce granule neurons
in the dentate gyrus (DG) of the hippocampus and another group of migratory prolif-
erating cells that were detected in the subventricular zone [SVZ] and could differenti-
ate into olfactory neurons (Fig. 3.2). Although parallel studies by Michael Kaplan and
James Hinds during the 1970s further authenticated these cells using electron micros-
copy and autoradiography, skepticism still persisted for identity and functionality of
neurons and their difference to glial cells. Two decades later, Fred Gage and col-
leagues could later achieve major advances in the field of neurogenesis, showing
strong evidence of genesis of new neurons in adult human brains. Fred Gage and his
group used human hippocampal postmortem brain tissue from patients diagnosed
with squamous cell carcinomas, those infused with intravenous bromodeoxyuridine
(BrdU) (250 mg, 2.5 mg/ml, 100 ml), for diagnostic application. Their study discov-
ered BrdU-labeled proliferating neural progenitor populations in the granule cell layer
(GCL) and the subgranular zone of the dentate gyrus (CA4 area, also known as cornu
ammonis area 4 underlining the dentate gyrus), suggesting neuroregenerative plasticity
of adult human brain [15]. Concurrent studies involving in vitro propagation of NSCs
from adult mammalian brain further substantiated the fact that neurogenesis is restor-
ative and NSCs could retain self-renewing ability and multipotency in vitro [16, 17].
Another interesting finding by Nottebohm et al. [18] revealed that songbirds regener-
ate their vocal center every season through newborn neurons, which is actually mani-
fested by their season-specific singing ability. Following these pioneering studies,
surface markers were discovered, including polysialylated neural cell adhesion mol-
ecule (PSA-NCAM) and doublecortin (DCX), those expressed specifically in hippo-
campal neurogenesis [19].
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Fig. 3.2 The representative figure depicts the two areas of the brain that are responsible for neu-
rogenesis and home of the neural stem cells (NSCs), namely, the SGZ and the SVZ. SGZ com-
prises the dentate gyrus (DG) of the hippocampal formation (HiF) region, and SVZ forms the
lining of the lateral ventricles (LV) present around sulci spaces. Neuroblasts are formed in this
region and later migrate through the rostral migratory stream to the olfactory bulb
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3.3  Pluripotent Stem Cell-Mediated Remodeling
of Neuronal Differentiation and Adult Neurogenesis
In Vitro

Somatic cell reprogramming using combination of Yamanaka factors (i.e., Oct4,
Sox2, c-myc, and KIf4) can imprint “embryonic stem cell-like properties” in the
somatic cells, leading to generation of iPSC [20]. However, recent advance-
ments in iPSC technology have focused on generating clinical-grade iPSCs
using good manufacturing practice (GMP) [21, 22]. Current progress in iPSC
technology also highlights the aim to use clinical-grade patient-specific iPSC-
derived cellular phenotypes for drug screening. These developments also helped
the neuroscientists to remodel the stage-specific neural differentiation in a dish
and decode the underlying molecular mechanisms in brain diseases [23-26]. As
a proof of the principle, iPSCs have demonstrated the inherent capacity to reca-
pitulate adult neurogenesis in vitro, as they can efficiently generate different
types of neurons, astrocytes, and oligodendrocytes, under the specific guidance
cues [27-29]. These breakthroughs led to in-depth insights into several idio-
pathic and syndromic neurodevelopmental defects using iPSC-derived cellular
disease phenotypes [24].
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3.3.1 Generation of Embryonic Body from hiPSCs

One of the inherent properties of human embryonic stem cells (hESCs) and iPSCs
is that they can differentiate into a three-dimensional aggregate, known as embry-
onic body (EB). These EBs can develop into three primary germ layers mimicking
the embryo in vivo [30, 31]. Current states of art protocols have demonstrated suc-
cessful generation of homogenous EBs using non-cell-adhesive round-bottom
microwells [31]. Many protocols have been established to direct iPSC-/hESC-
derived EBs to neurons [30, 32], using “EBs to rosettes to neural progenitor cells to
neurons.” Although EB generates tri-lineage differentiation, the lineage outcomes
are strongly dependent upon the size, quality, maturation, and viability of EBs. It is
also evident that EBs with a dense core represent heavy necrotic condition, while
the translucent structured EBs are considered as healthy ones that are ready for dif-
ferentiation [7].

3.3.2 Generation of Self-Renewing “Rosette-Type”
Neuroepithelial Clusters or Neural Stem Cells from iPSC-
Derived EBs

One of the most interesting findings involving EB-derived neural differentiation sug-
gested that hRESC-/iPSC-derived EBs generate a “rosette-type” cluster. These clusters
have an inner core containing neural stem cell niche and an outer core containing
nonneuronal lineages [33]. The inner neural stem cell mass of rosettes can be
expanded into long-term self-renewing NSCs, which exhibit extensive clonogenicity
and induce stable neurogenesis. Upon induction these self-renewing NSCs could
caudalize into ventral midbrain and spinal cord fates [33]. These robust capabilities
make rosette-derived hNSCs a lucrative source of cells for neuroregenerative capa-
bilities, due to inherent neural plasticity [34]. These neuroepithelial clusters express
markers, such as Pax6, Zo-1, Sox1, and Sox2, specific to neural tube formation
in vivo. Recent studies have shown that iPSCs can be propagated in a neural induc-
tion media containing dual Smad inhibitors [combination of inhibitors of both the
bone morphogenetic proteins (BMPs) and transforming growth factor-p (TGFp)] as
monolayer, for a period of 2 weeks or more [35, 36]. This method finally produces
Pax6/Sox1* neuroepithelial cells, which can be further induced into functional neu-
rons. Change from pluripotency to neural commitment can be easily delineated by
qualitative and quantitative assessment of upregulated neural tube-specific markers
Pax6/Sox1 and downregulation of pluripotency markers, such as Oct3/4 and Nanog.

3.3.3 Regional Patterning of Neuroepithelial Cells
In response to specific molecular signals, neuroepithelial cells (NECs) caudalize and

develop specific subtypes of neurons of rostro-caudal and dorsoventral (DV) iden-
tity. Once the neural lineage commitment proceeds, the anteroposterior (AP) axis
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gets imprinted. The neural tube folds into the forebrain, the midbrain, and the poste-
rior hindbrain, wherein the forebrain divides into the rostral telencephalon and the
diencephalon [37] and the caudal hindbrain forms the rhombencephalon and the spi-
nal cord. During embryonic brain development, neuronal patterning requires specific
growth factor signaling and transcriptional cross talks; those can command neural
progenitor cell populations to generate a particular neuronal subtype regionalized to
AP and DV compartments of the adult brain [38]. Existing evidences have revealed
that during in vitro neuronal patterning experiments, iPSC could spontaneously give
rise to anterior NPCs without any growth factor [39, 40], although the efficiency
could be significantly enhanced using Wnt-specific inhibitors. These NPCs express
enhanced levels of FoxG1, an anterior marker, and can be neuronally patterned to
dorsoventral regions using activity interplay between Wnt- and sonic hedgehog
(SHH)-dependent pathways. Enforced differentiation of neuroepithelial cells with-
out SHH generates dorsally patterned NPCs, expressing Pax6 and Emx1 markers,
which can further give rise to glutamatergic neurons. In the presence of SHH, NPCs
get produced from ventral ganglionic eminence expressing two transcription factors,
Nkx2.1 or Gsh-2, and ultimately generate GABAergic interneurons [41, 42]. In case
of iPSC-based in vitro patterning to midbrain dopaminergic (DA) NPCs, early-stage
NECs were exposed to SHH and to FGF-8 for neuronal precursor caudalization [43,
44]. Using a Wnt pathway activator, CHIR99021 (a glycogen synthase kinase-3
inhibitor), and a modified SHH, enhanced yield of dopaminergic neurons could be
achieved in vitro [45, 46]. It is noteworthy that NPCs of motor neurons are localized
to the ventral region, which develops into the spinal cord. To generate motor neuron-
specific precursor in caudalization experiments in vitro, iPSC-derived NECs were
treated with high levels of retinoic acid (RA) and then ventralized using SHH.

3.3.4 InVitro Modeling of the Balance Between Self-Renewal
and Neuronal Differentiation

Recent remarkable findings involving quiescence of neural stem cells have demon-
strated that prostaglandin D, (PGD2) and sphingosine-1-phosphate (S1P) are the
two crucial molecular signatures of quiescent neural stem cells (QNSCs). Codega
et al. [47] showed that ligands for PGD2 and S1P could strongly inhibit the activa-
tion of qNSCs. Experimental evidences from in vitro neural commitment study
showed that pluripotent stem cells (PSCs) could form stably expandable self-
renewing NECs in vitro, following induction of neutralization using a robust proto-
col published by Koch et al. [48]. Using this protocol, manually selected NECs were
made into single-cell population and maintained as a monolayer under N2-/B27-
supplemented media containing a cocktail of EGF and FGF. Using this condition,
NECs could yield a homogenous population and could be expanded up to 150 pas-
sages and showed high expression of neural tube-specific markers, such as Pax6,
Sox2, and Sox1. Interestingly, these NECs demonstrated high level of telomerase
expression, explaining their high self-renewal activity. These iPSC-derived NECs
could be frozen and retained healthy differentiation up to 100 passages. However,
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their transition from self-renewal to differentiation requires dynamically regulated
molecular cross talk and specialized neuronal niche. A report by Shi et al. [49] has
revealed efficient generation of functional excitatory cortical synapses from in vitro
culture of hiPSC-derived cortical neurons. This was one of the first protocols that
could establish all kinds of cortical projection neurons. Supportive study by Espuny-
Camacho et al. [50] revealed that under specific stimuli, hiPSCs could generate
distinct pyramidal neurons with axonal and dendritic outgrowths, and those could
efficiently integrate into mouse brain circuits. Concurrent studies have also demon-
strated that, under specific cell fate determinants, hiPSCs could generate cortical
glutamatergic neurons [51], midbrain dopaminergic neurons [52], forebrain cholin-
ergic neurons [53], and spinal motor neurons [54]. Progenitors in the dorsal and
ventral telencephalon in the adult brain develop into glutamatergic and GABAergic
neurons during development [55]. Out of several neural cell fate discriminators, the
most widely used coordinated pathways for glutamatergic and GABAergic neurons
are sonic hedgehog (SHH) and Wnt signaling [39]. Precisely, an endogenous Wnt
signaling in hESC-derived neuronal patterning upregulates truncated form of GLI3,
an attenuator of SHH leading to dorsal neural precursors in vitro [39]. Enforcement
of ventral patterning in hESC-derived dorsal neural precursors needs high level of
exogenous SHH-conditioned media or abrogation of Wnt signaling along with dick-
kopf 1 (DKK1) and lower concentration of SHH. This treatment could change the
fate of dorsal precursor to ventral precursors, which then finally could differentiate
into glutamatergic and GABAergic neurons, respectively, in vitro. One of the most
exciting findings from recent past was presented by Lancaster et al. [56], who
showed generation of 3-D brain tissues or cerebral organoids in a dish, mimicking
cerebral cortex, ventral, and retinal tissues using an advanced hiPSC-based neural
commitment protocol.

3.4 Role of IncRNAs in Nervous System Development
and Neurogenesis

Over the last decade, cutting-edge research has led us to believe and understand how
mRNAs are not only the sole molecules, which constitute the human transcriptome.
There are other epigenetic and nonprotein-coding RNA players exist, like the small-
sized miRNAs, piwiRNAs, snoRNAs, etc. and the intermediate-sized and large-
sized long noncoding RNAs (IncRNAs). Accumulating evidences have shown that
IncRNAs are spatiotemporally expressed in the developing brain. This spatiotempo-
ral expression is assumed to be one of the crucial factors underlying transcriptional
regulation in neuronal patterning during brain development. Levels and complexi-
ties of IncRNA expression in the developing CNS have increased with the gradual
evolution of the higher vertebrate brains, while functions of the majority of neuro-
nal-expressed IncRNAs remain unknown. Till now, only few have been identified
and annotated in the process of adult neurogenesis, and their roles in brain develop-
ment are in their infancy. An earlier report by Pollard et al. [57] had revealed
IncRNAs, HARs, and some other IncRNAs to be preferentially localized adjacent to
the protein-coding genes; those act via cis-regulation of the gene locus during
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neurodevelopment [58, 59]. Emerging evidences have revealed two important
IncRNAs, namely, PNKY and RMST, known to act as regulatory switches of adult
neurogenesis. While the former regulates transition between NSCs and NPCs, the
latter plays a major role in regulating neurogenesis by physically interacting with
transcription factor SOX2 [60]. Another corroborating study has demonstrated that
IncRNA SOX2-OT present in gene locus (intron) of SOX2 gets dynamically
expressed during CNS development and plays significant role in adult neurogenesis
[61, 62]. Ramos et al. [63] have also shown that transition of NSCs to mature neu-
rons is mediated through physical binding of PNKY to an RNA-binding splicing
factor, polypyrimidine tract-binding protein 1 (PTBP1). Precisely, reduction in
PNKY or PTBPI expression could increase substantial neurogenesis, which
explained its regulatory role in controlling neurogenesis. Another IncRNA
NKX2.2-AS, antisense to NKX2.2, is dynamically regulated in embryonic brain
development and differentiation of NSCs [64, 65]. To decipher transcriptional regu-
lation and global gene expression in the adult brain, Allen Brain Atlas repository
(http://www.brain-map.org/) is widely used, which covers in situ hybridization
(ISH) data and transcriptomic profiles from different parts of the brain [66]. Most of
IncRNAs in the adult brain include categories of bidirectional, cis-antisense, and
intronic [67]. Almost 200 IncRNAs are detectable in developing an adult brain [68].
A systematic analysis by Guttman et al. [69] has revealed several conserved long
intergenic IncRNAs (lincRNAs) related to hippocampal generation and oligoden-
drocytes. Few IncRNAs contain three-dimensional architecture, which specifically
act as a “molecular sponge,” and those play a role in physical regulation of alterna-
tive splicing events. For example, MALAT1 and GOMAFU are two critical IncRNAs
that play specific roles in alternative splicing in neuronal cells. Studies from in vitro
neurogenesis have identified ~170 differentially expressed IncRNAs involved in
fate commitment toward neural and oligodendrocyte lineages [70]. By using
advanced genome-wide tools including RNA Capture Seq, RNA-Seq, and ChIP-
Seq, several IncRNAs have been ascertained in SVZ-NSC and adult neurogenesis
[71]. Among which, SIX3-OS and DLX1-AS are found to be associated to glial-
neuronal lineage fate specification from adult NSCs. However, studies are still
ongoing to annotate IncRNA biomarkers and decipher their specific roles in hippo-
campal neurogenesis and their dynamic regulation in brain development.

3.4.1 Sequence and Functions of IncRNAs

With only 2% of the human genome being coding in nature, noncoding or the junk
RNAs constitute a large pool of questionable information. Emerging studies from
ENCODE (ENCyclopedia Of DNA Elements) project have revealed importance of
small noncoding RNA molecules like miRNAs and siRNAs (approx. 22 nucleotides
in length) in both gene silencing and posttranslational regulation of gene expression
[72]. The ENCODE project [73] has identified a list containing 9640 of long non-
coding RNA loci in the genome. The small noncoding RNAs are the most studied
forms with a sequence length of more than 200-1000 bp. The newest classification
of noncoding RNAs is based on sequence length of 50-500 nucleotides, also known
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as intermediate-sized noncoding RNAs [74]. Due to their longer lengths of >200
nucleotides, they can be easily distinguished from other ncRNAs including miR-
NAs and snoRNAs. They are easily discriminated from tRNAs, since they are par-
ticularly transcribed by RNA polymerase II (RNA Pol II). Moreover, IncRNAs do
have capping and polyadenylation similar to coding mRNAs and contain fewer
exons (~2.8). Interestingly, few studies revealed that IncRNAs have almost tenfold
lower expression than the coding mRNAs. Ulitsky et al. [75] and Kelley and Rinn
[76] also suggested that IncRNA sequences include retrotransposon sequences and
tandem repeat elements; those can facilitate their function through either base pair-
ing via repeat sequences or through some unexplored mechanisms. Notably, five
genomic locations are usually highlighted for IncRNAs, including intronic, sense
overlapping, antisense, bidirectional, and intergenic. Sense IncRNAs overlap with a
transcript’s one or more exon on the same strand itself, while antisense IncRNAs do
the similar on the opposite strand. The long intergenic IncRNAs or lincRNAs cover
a longer stretch in genome, located 1 kbp apart from the coding transcript and tran-
scribed without any overlapping coding transcript at all. Whereas intronic IncRNAs
originate from within an intron and can overlap the coding mRNA both in sense and
antisense directions. It is evident that the above forms of IncRNAs (intronic and
intergenic) are found in high abundance as compared to other types. Among the
sense intronic forms of IncRNAs, 593 have been annotated to human genome, and
182 are localized to adult mouse brain [75]. The most remarkable features of bidi-
rectional IncRNAs are its transcription in inverted orientation with the coding
mRNA, situated around 1 kbp apart, and its coherence with mRNA using shared
bidirectional promoter. Another known feature of IncRNAs is its ability to act as
long-range enhancer for the coding mRNA. In a recent article, a new class of
IncRNAs was introduced, also known as ncRNA-a [76]. This exhibits its enhancer
activity by binding to a mediator, causing DNA looping to the target gene and
thereby enforcing the target gene’s expression. Another functional unit of IncRNA
mode of action involves its short-term repeats, which represents a conserved sec-
ondary structure and facilitates the IncRNA-protein interaction by recruiting pro-
teins to the site of IncRNA. One of the most recent examples is IncRNA FIRRE,
reported by Hacisuleyman et al. (2014), which binds to nuclear matrix factor
hnRNPU via a conserved domain repeat and behaves as a molecular scaffold to
facilitate intrachromosomal interaction and regulation of localized transcriptional
targets [77]. Existing evidences by Spector and Lamond [78] have revealed that
IncRNA behavior as molecular scaffold involves its cohabitation with nuclear
domains meant to harbor RNAs for regulation of alternative splicing, also known as
paraspeckle domains. Two highly abundant IncRNAs NEAT1 and MALAT1 are
known to reside in these domains and enroll both RNA-RNA interactions and RNA-
protein interactions to regulate alternative splicing events [79, 80]. NEAT1 contrib-
utes to the formation of paraspeckle domains, and MALATI maintains the
recruitment of splicing factors to the same. Additionally, IncRNAs like HOTAIR
have been shown to play significant role in posttranscriptional processing, as it
interacts with two ubiquitin ligase proteins Dzip3 and Mex3b with RNA-binding
capacity and their respective ubiquitin ligase substrates Ataxin-1 and Snurportin-1,
for accelerating their ubiquitin-dependent degradation [81]. LncRNAs are known to
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act either in cis within the gene locus or in trans, modulating the transcription in a
different genomic site or even in a different chromosome. The most widely dis-
cussed are XIST (X-inactive specific transcript) and HOTAIR ncRNAs; those act
via polycomb repressive complex 2 (PRC2) recruitment and binding to a PRC2
component histone lysine N-methyltransferase Ezh2, finally leading to transcrip-
tional repression by increment of H3K27me3 [82, 83]. This nature of binding also
requires a double stem-loop structure [84]. Another IncRNA BORDERLINE has
been shown to abrogate histone modification-based transcriptional repression by
physical interaction or via removal of heterochromatin protein 1 (HP1/Swi6) from
the genomic locus [85].

Pioneer studies on IncRNAs had also revealed their involvement in normal devel-
opmental processes such as X-chromosome inactivation in females and genomic
imprinting. LncRNAs are usually upregulated by histone modifications and down-
regulated by cytosine methylation, found to be prevalent in stem cell differentiation
and neural development [86]. A recent piece of work by D’haene et al. [87] has
revealed that using integrative genomics approach with neuron-specific histone 3 at
lysine 4 (H3K4me3) marker, a list of 24 IncRNAs was ascertained for neurodevel-
opment, synaptic transmission, and adult neurogenesis. It is noteworthy that histone
modifications are fingerprints of transcriptional status of any gene locus. Methylated
H3K4me3 is linked to transcribed genes and the euchromatin. However, methyla-
tion at histone 3 at lysine 9 (H3K9me3) and lysine 27 (H3K7me3) represents active
gene silencing mechanism and the heterochromatin [88]. The inactivated X chro-
mosome is linked to heterochromatin and usually marked with H3K9me3 and
H3K27me3. Zhao et al. [84] demonstrated that IncRNA could employ a histone
modifier for gene silencing and chromosomal dosage compensation leading to
imprinted gene loci, where a gene can have one silenced allele based on parent of
origin. For example, the paternally imprinted IncRNA AIR can silence the cis genes
in the proximity by employing H3K9 methyltransferase G9a [89], and IncRNA
KCNQI1-OT1 can enroll both PRC2 and G9a for silencing genes at imprinted locus
of Kenql [90]. So far, most efforts have been targeted at unraveling IncRNA func-
tions in induction of pluripotency and neural commitment in murine models [58, 64,
70]. However, studies are ongoing to understand the functional roles of cytoplasmic
IncRNAs; those do not contribute directly to chromatin-based modifications and
transcription [91].

3.4.2 Role of IncRNAs in iPSC-Derived Neural Differentiation

Current trends in pluripotent stem cell-mediated neural fate commitment have
unraveled the path to decode the dynamic transcriptional status of stage-specific
neuronal development in vitro. To have in-depth insights of localization, expres-
sion, and functional significance of IncRNAs in adult neurogenesis, in the current
scenario, pluripotent stem cell-derived neuronal lineages are extensively used as
in vitro cellular models [92]. From recent past, few path-breaking investigations
have also led to discovery of IncRNAs that play stage-specific roles in fibroblast
reprogramming to pluripotency to neural fate commitments. Studies involving
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pluripotent stem cells (PSCs) have indicated that long intergenic noncoding RNA
(lincRNA), lincRNA-ROR, could enhance fibroblast reprogramming into iPSCs.
In case of hESCs, the maintenance of pluripotency needs interaction of specific
IncRNAs to SOX2 and PRC2 complex component, SUZ12 [93]. The critical role
of IncRNAs in inducing pluripotency was further validated through findings from
two IncRNAs; those are transcriptional targets of Oct4 and Nanog. These two
candidates are known to regulate pluripotency through feedback loop regulation
of both transcriptions of Oct4 and Nanog [94]. Recently, based on loss-of-func-
tion experiments, a list of 20 lincRNAs was ascertained for regulation of pluripo-
tency in murine embryonic stem cells (mESC). Among them, TUNA (Tcll
upstream neuron-associated lincRNA, also known as megamind) has been dem-
onstrated to regulate pluripotency through physical interaction to three RNA-
binding proteins and co-sharing the RNA-protein confirmation at the promoters of
Sox2, Nanog, and Fgf4 in case of murine embryonic stem cells (mESC) [95].
Attenuation of its activity then led to reduced neural fate specifications of mESC,
suggesting its specific role in neural induction. Another coherent study by Dinger
et al. (2008) demonstrated dynamic regulation pattern of a total of 12, 7, and 31
IncRNAs in pluripotency, gastrulation, and hematopoiesis, respectively, with
strong positive correlation to the coding genes in proximity [58]. Dinger et al. also
detected a list of 945 ncRNAs involved during embryonic body (EB) formation
from mESCs, out of which 174 were differentially expressed. Similar to the ear-
lier findings, hESC cells only showed differential expression of 36 IncRNAs in
the NPC commitment, out of which three IncRNAs containing OCT4- and
NANOG-binding sites in their adjacent promoter showed distinctive regulation of
pluripotency [93]. Induction of neural lineage commitment requires enrollment of
specific IncRNAs such as AK055040, which binds to SUZ12 (a PRC2 complex
component), suggesting its role in chromatic modification [93]. Another crucial
IncRNA (AK124684) was found to interact with REST, a negative attenuator of
neurogenesis, which regulates neurogenic gene expression through binding to
their promoters [93]. Other crucial ones include AK091713, which regulates neu-
rogenesis through expressing miR-125b and let-7a [93]. Further, Ng et al. (2013)
identified another IncRNA RMST, which was shown to physically interact with
promoter of SOX2 target genes and activate their transcription by enrolling SOX2
[96]. This interaction was assumed to regulate neural lineage commitment via
homologous base pairing that resulted in RNA-DNA hybrids. Similar to RMST,
two IncRNAs UTNGNI1 and SOX2D-OT are found to be associated with neural
induction and found to co-share ultraconserved elements involved in neural
development [97]. Among these two, UTNGNI1 is known to regulate transcription
of neurogeninl (Neurogl), and abrogation of UTNGN1 expression during mouse
cortical precursor commitment leads to lower expression of neurogenic markers
[97]. This study strongly suggested that UTNGN1 induces neurogenesis through
transcriptional activation of Neurog! transcription [97]. However, studies involv-
ing the role of SOX2D-OT in neural development are still in their infancy.
Concurrent study by Ramos et al. (2013) also showed that IncRNAs SIX3-OS and
DLXI-AS are two of the critical factors for PSC differentiation into neural
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precursors. MALAT1, EVF-2, and NKX2.2-AS were found to be involved in neu-
ral fate discriminations [64, 98—100]. In addition, using next-generation sequenc-
ing (NGS), a number of novel IncRNAs were identified in human neurons
generated from iPSCs; those underwent dynamic changes in expression during
iPSC-derived neural differentiation. HOTAIRM1 showed predominant expression
in neural differentiation, also known to regulate HOX-A family genes in myelo-
poiesis [101]. A recent report based on loss of noncoding RNA function in hESCs
has revealed two IncRNAs, including delta-like homolog 1 gene and the type III
iodothyronine deiodinase gene (DLK1-DIO3) and their specific roles in hESC dif-
ferentiation to neural lineage commitments. The findings suggested that knock-
down of DLKI-DIO3 imprinted locus-derived maternally expressed gene 3
(MEG3) led to repression of DLK1-DIO3-derived ncRNAs and reduction in neu-
rite development and expression of neural markers [102].

Conclusions

NcRNAs, the “junk” of the genome, contribute to ~98%, while coding RNAs
only constitute for ~2%, suggesting a plethora of information yet to elucidate.
Though noncoding in nature, IncRNAs harbor very low potential of protein-
coding ability but regulate the gene expression through epigenetic, transcrip-
tional, and posttranscriptional level in cellular homeostasis. Studies involving
IncRNA function in adult neurogenesis and brain development are still in their
infancy. Adult neurogenesis in the human brain zooms in on a landscape of tran-
scriptional cross talks, which is dynamically regulated. Deregulated neurogene-
sis can lead to several neuropathological manifestations. To elucidate the
molecular basis of disease pathology, elucidate the IncRNA-based biomarkers,
and design potential drug targets against neurological diseases, iPSC-based neu-
ronal differentiation has currently been used as an advanced tool for in vitro
disease remodeling. Using iPSC-derived neural differentiation, and other state-
of-the-art technologies comprising NGS, ribosome profiling, RNA Capture Seq,
deep RNA-seq, and ChIP-seq, it is now possible to explore the IncRNome which
is specific to both healthy and diseased brains. Exploring the IncRNA biomarkers
and their specific roles in neurogenesis would unravel the altered disease-associ-
ated transcriptional and epigenetic modifications and their link to onset of dis-
ease progression in developing brain.
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Abstract

It has been unequivocally demonstrated that cell-extrinsic agents play important
roles in stem cell fate decisions, along with their intrinsic genetic makeup. There
have been quite extensive studies on soluble factors which are found essentially
in the extracellular matrix, in the case of adult as well as embryonic stem cells.
Recent work has begun to elucidate that in addition to these biochemical signals
from coordinated interactions with soluble factors as well as the extracellular
matrix (ECM) and neighbouring cells, mechanical factors affect the stem cell
proliferation, survival, migration and differentiation. Surface adhesion receptors
mediate the cell adhesion to the ECM and to adjacent cells, e.g. integrins and
cadherins, respectively. Matrix stiffness, elasticity and mechanical stress consti-
tute the physical properties of the stem cell niche, which can regulate the func-
tion of stem cells. Architecture of the niche wherein the stem cells reside is
regulated by biochemical and physicochemical attributes that integrate with the
mechanical cues to create a microenvironment for the proliferation and nourish-
ment of stem cells. Engineering the scaffold and biomimetic matrices for cultur-
ing stem cells therefore is the next step in advanced stem cell research. This
together with the spatiotemporal insights into the regulation of stem cell function
is dealt with in this chapter.
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Abbreviations

AGM Aorta-gonad-mesonephros
CFU-F  Colony-forming units-fibroblasts

EBL Electron beam lithography
ESCs Embryonic Stem cells
ICM Inner cell mass

NMMII Nonmuscle myosin II

OCN Osteocalcin

OPN Osteopontin

PDMS Polydimethylsiloxane
PEGDA  Polyethylene glycol diacrylate
TE Trophectoderm

4.1 Introduction

Mammalian embryonic development starts after a sperm travels to find an egg and
fertilizes it to form a zygote. The zygotic stage is transient as it immediately starts
to proliferate to form the complete organism. The zygote starts the cleavage process
first to form a 4- and 8-cell embryo which is totipotent up to a 16-cell stage, called
morula [1]. It is during the morula stage that totipotency is lost as the embryo starts
compacting through cell-cell adhesions. Its journey of remodelling itself to an
organism begins with this event, and it determines the differentiation of more than
200 different cell types, which will work in distinct manner and will have their own
phenotypic and functional identity. Cell proliferation in the morula gives rise to a
64-cell blastocyst, which acts as an initiation to the process of differentiation. The
blastocyst contains two distinct cell types organized in two groups: the trophecto-
derm (TE) and the inner cell mass (ICM). Trophectoderm cells are precursors of the
extra embryonic tissues. The inner cell mass contains pluripotent stem cells from
which embryonic stem cells (ESCs) can be isolated [2]. These cells can differentiate
into all types of cells except the ones with extra embryonic origin. As the embryo
develops further, there is differentiation of these cells into more specialized cells,
which are restricted in their differentiation potential. As a variety of tissues appear
in the developing embryo, different types of stem cells appear which are responsible
for tissue repair and homeostasis. These are multipotent stem cells, which are
restricted in their differentiation potential and can mostly differentiate into the cell
types that belong to one particular tissue. Mesenchymal stem cells (MSC) and
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hematopoietic stem cells (HSC) that are the most studied multipotent stem cell in
mammals, along with pluripotent ESCs, are the main focus of this chapter.

Multipotent stem cells are undifferentiated cells that give rise to many clones of
themselves, which in turn can differentiate into different types of cells that belong
to a particular lineage. These cells are reported to have extensive potential to prolif-
erate and survive for the lifetime of an organism. Several of these multipotent adult
stem cells have the capacity to recreate lost mature cells. Therefore, it is understand-
able that they play major roles in the repair of damaged tissues (e.g. muscles) as
well as regenerate the cells that die after a shorter lifespan (e.g. skin, intestine and
blood cells). The differentiation of a stem cell to a particular lineage is dependent on
the expression of specific lineage determinants, which can be influenced by extrin-
sic stimuli. They undergo symmetric or asymmetric divisions depending on the type
of signals received. If cells receive signals to self-renew, they undergo symmetric
cell divisions to expand their pool. In a homeostatic environment, where the major
function of stem cells is to maintain the supply of cells of limited lifespan, these
cells undergo asymmetric division. Series of asymmetrical cell divisions in succes-
sive generations ensures maintenance of the stem cell pool and generates highly
proliferative progenitors with a more limited lifespan.

It is evident that extrinsic signals are of immense importance in the regulation of
stem cell function. Cumulatively called as the “niche”, these external factors ensure
that the stem cells receive suitable signals for specific requirements of the tissue that
they repair [3]. The niche provides space, molecular interactions, signals and suit-
able physical factors for the functioning of stem cells. Niches for a variety of stem
cells have been described and conclusively proven to play important roles in their
maintenance. It has also been shown that genetic alteration of the niche composition
can lead to change in the location of stem cells [4].

4.1.1 Embryonic Stem Cells

Embryonic stem cells (ESC) are pluripotent cells that are derived from the inner cell
mass of blastocyst stage embryos [5]. These cells exhibit extensive replication
potential and the ability to differentiate into derivatives of all three germ layers
(hence called pluripotent) [6]. Murine embryonic stem cells can be passaged as
single cells, relatively easily maintained and generated with high purity. These fac-
tors make them a better model for a variety of developmental and disease condi-
tions, compared to human embryonic stem cells. Requirement of external factors
becomes very clear because of the fact that initial culture methods for ESCs involved
co-culture with embryonic fibroblasts [5]. The feeder layer could be replaced by
using matrigel or laminin [7]. This underscores the importance of substrate on
which the cells are maintained as it supports their stemness. Subsequently the
importance of secretory factors was analysed, and various methods to culture ESCs
in vitro were devised with added defined factors [8]. In fact, the direction of ESC
differentiation could be altered by modifying niche properties [9].
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4.1.2 Mesenchymal Stem Cells

Mesenchymal cells are clonogenic cells, which were first identified as fibroblastic
colony-forming units (CFU-Fs) within the bone marrow mononuclear cells [10]. The
multipotential nature of these cells is very well documented as they have been shown
to differentiate into bone, cartilage, stroma, fibroblasts, adipose cells and smooth
muscle cells [11]. However, their clinical promise is not restricted to their multipo-
tency. These cells seems to have prominent paracrine effects on the neighbouring
tissues due to the trophic factors they release [12]. Although their homing to specific
sites cannot be ensured, their trophic effect is being harnessed for treatment of many
of unrelated diseases where paracrine factors released by these cells can help repair-
ing the injured tissue [13]. To date, mesenchymal cells have been derived from bone
marrow, muscle, fat, skin and cartilage, blood and Wharton’s jelly among others
[14]. Despite coming from different sources, MSCs have been shown to express
common markers. Using single or a combination of markers like CD271, SSEA-4,
CD146, CD49f and MSCs can be isolated to varied purity levels [15].

4.1.3 Hematopoietic Stem Cells

The various lineages of blood cells are produced in a process called haematopoie-
sis, from a population of cells found in very low numbers in the bone marrow,
called the HSCs [16]. They undergo divisions and differentiation to maintain the
blood cell number as well as their own pool. In order to establish this function, they
require the bone marrow niche that helps in maintaining their self-renewal capabil-
ity as well as differentiation ability [17]. The bone marrow niche is a heteroge-
neous population of different cell types like osteocytes, sinusoidal endothelial
cells, HSCs, MSCs, CXCL12-abundant reticular (CAR) cells, etc. Sorting and
purification of HSCs are carried out based on surface phenotypic markers; murine
HSCs are negative for lineage markers like B220, CD4, CD8, Gr-1 and Ter119 and
positive for c-Kit and Sca-1 [18]. It has been a great challenge in the field to reca-
pitulate the exact niche for HSC survival, but HSCs are seen to lose their ability to
engraft and self-renew when cultured ex vivo [19]. Creation of the correct matrix,
supporting the ex vivo growth of HSCs, along with factors, would be a break-
through in regenerative medicine.

4.2  Factors Determining Stemness

4.2.1 Intrinsic Factors

Stem cell function is choreographed by a repertoire of transcription factors expressed
within these cells. Various genes that regulate the appearance of the stem cells dur-

ing development and their maintenance all through the lifetime have been identified.
These factors vary, based on their tissue of origin as well as their differentiation and
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proliferative potential. Generation of induced pluripotent stem (iPS) cells resulted
from concerted efforts to understand the molecular regulators of pluripotency [20].
Stemness is maintained and can be induced by specific transcription factors like
Oct4, Nanog and Sox2. They activate protein-coding genes as well as a series of
non-coding RNAs important for pluripotency [21]. Signalling molecules activated
by extrinsic factors also play important role in maintaining their stemness. These
include JAK/STAT, BMP, Hedgehog, TGFp, PI3K, Erk and multiple other pathways
[15]. Secondary messengers like cAMP have been found to involve in the genera-
tion of hemogenic endothelium, which is the precursor of HSCs as well as endothe-
lium during development [22]. In this chapter, we will focus on the extrinsic factors
that play an important role in stem cell function.

4.2.2 Extrinsic Factors

During embryogenesis as well as during adult life, cells are exposed to molecular
signals (soluble factors) as well as physical factors. In some of the tissues, these
factors play major roles in their function; nevertheless, they assert significant effect
in the functioning of most of the tissues. As groups of cells divide and undergo
active migration within and out of the tissues, they generate and experience tension,
compression and shear forces [23]. Here, we will discuss the physical and bio-
chemical factors that affect the function of MSCs, ESCs and HSCs.

4.2.2.1 Physical Factors in the Stem Cell Niche
Matrix Elasticity

Embryonic Stem Cells

Mammalian cells can perceive the physical properties of their niche, such as the
elasticity of the substrate on which they grow along with sensing the applied
mechanical forces. The strong cell adherence, the force exerted and the degree of
spreading are influenced by substrate stiffness [24]. Evans et al. [25] synthesized
substrates with varying stiffness using polydimethylsiloxane (PDMS) and allowed
ESCs to grow on them. Using PDMS, substrates with a range of stiffness were cre-
ated. Crystal violet and phalloidin staining can be used to compare cell attachment
and cell spreading on these surfaces. After a day, cell attachment was greater on the
soft PDMS substrates. Cells exhibited similar morphology—stellate, round and
bipolar on all surfaces. Phalloidin staining of cytoskeletal actin showed prominent
stress fibre formation. Cells appeared marginally more well spread on stiffer, com-
pared to softer substrates. However, after a longer culture, no robust difference in
the cell number between any of the surfaces can be observed. On subsequent days,
there were significantly more cells on stiffer substrates compared to softer sub-
strates; this was evident on day six. Genes that are expressed in the primitive streak
during gastrulation and that which are involved in early mesoderm differentiation
like Brachyury, Mixl1 and Eomes were upregulated when the cells were cultured on
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stiffer substrates. Furthermore, terminal osteogenic differentiation of mESCs in
osteogenic media was found to be enhanced on stiff substrates.

Mouse ESCs are inherently softer and maintain their pluripotent state optimally
on the soft matrix via the mechanism of generating low cell-matrix tractions. To
explore this mechanism, Chowdhury et al. [26] plated mESCs on soft sub-
strates—0.6 kPa polyacrylamide gels that matches its intrinsic stiffness. Another
group of mESCs plated cells on rigid substrates of polystyrene dishes—4.0 MPa.
Both were plated with collagen I that facilitates self-renewal, in the presence of LIF
(leukaemia inhibitory factor) and serum. Continuously cultured mESC with high
Oct3/Oct4-GFP expression and high alkaline phosphatase (AP) activities forms uni-
form round and compact colonies. In contrast, mESCs plated on rigid dishes exhib-
ited heterogeneous colony shapes. On withdrawing LIF from the culture, mESCs
cultured on the gels were still capable of forming round and compact colonies with
Oct3/Oct4-GFP and AP activity maintained until 5 days. Gene expression analysis
also demonstrated the same result of expression levels on soft compared to rigid
substrates.

Mesenchymal Stem Cells

The cells within the tissues adhere to and function on a variety of surfaces of vary-
ing stiffness. It has been known that the cytoskeletal structure in these cells is
affected by the matrix stiffness [27]. It has also been reported that the differentiation
of stem cells into multiple lineages is accompanied by conspicuous cell morphology
change. This is partly due to changes in the production of several cytoskeletal pro-
teins [28]. The demonstration that mechanical cues (as conveyed by changes in
matrix stiffness) influence lineage commitment of stem cells illustrates the linkage
between the matrix stiffness, cytoskeletal mechanics and developmental processes
[29]. It also highlights matrix stiffness as an important factor in development. In
order to study the effects of matrix stiffness, the in vivo conditions in which a par-
ticular cell is found in a homeostatic state are mimicked in vitro. This can be
achieved by using a number of polymers, such as polyacrylamide-based gels [30].
The elasticity is set by varying the concentration of bis-acrylamide cross-linking
keeping the culture media same, and adhesion is provided by coating the gels with
collagen (which is known to support myogenic and osteogenic differentiation) [30].
To mimic the elasticity of brain tissues, the cells were plated on soft substrates
(0.1-1 kPa) which exhibited a neuronal phenotype. This was shown by the expres-
sion of neuron-specific cytoskeletal markers such as nestin, and other markers that
all were upregulated, on the softest matrices. Matrices with intermediate stiffness,
mimicking muscles (8—17 kPa), were myogenic. This showed a clear upregulation
of early to late transcriptional proteins such as Pax activators and myogenic fac-
tors (e.g. MyoD). Comparatively, rigid matrices that mimic collagenous bone
(25-40 kPa) upregulating osteocalcin and early transcriptional factor CBF-1 proved
to be osteogenic. While branching in the differentiating MSCs increased on the
softer tissues, the striations in the differentiating myoblasts were reduced [31].
Myotubes were observed to form optimally on gels with stiffness equivalent to the
normal muscle (Young’s modulus ~12 kPa). Matrix elasticity alone is not enough to
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induce terminal differentiation, though it can be very effective in guiding MSCs into
an early developmental lineage. During the initial week in culture, reprogramming
of lineages, for example, from MSCs, is possible with addition of soluble induction
factors. However, after several weeks in culture, the cells commit to the lineage
specified by matrix elasticity, consistent with the elasticity-insensitive commitment
of differentiated cell types [31].

To better understand the effect of matrix elasticity on the differentiation and
proliferation capacity of MSCs, it is also important to look at the molecular inter-
mediates at play. Matrix sensing requires first the ability to pull against the matrix
and, second, the intracellular mechano-transducers to generate signals propor-
tional to the deforming forces [27]. Experiments showed the increase in the cel-
lular forces in response to matrix stress is a non-monotonic function and depends
upon the distribution of stress fibres within the stem cell [32]. The nonmuscle
myosin IT (NMMII) isoforms were used to support this understanding. NMMII in
attachment with actin structures are linked to focal adhesions, paving a direct
force transmitted from inside to outside matrix [31, 33]. Further, it was found that
inhibition of NMMII, by blebbistatin, blocks all elasticity-directed lineage speci-
fications without strongly perturbing any other aspect of cell function and shape.
The alignment of NMMII-based stress fibres in hMSCs achieved a maximum
value when the cell and matrix rigidity were similar [32]. Matrix stiffness is found
to act as a potent regulator of self-renewal in adult stem cells in addition to regu-
lating lineage specification. Muscle stem cells cultured on soft substrates with the
elasticity of muscle (12 kPa) self-renewed thus helping in regeneration during
transplantation [34]. As the stem cells reside in a three-dimensional (3D) micro-
environment in vivo, its effect on stem cells is also an interesting subject to study.
For instance, 2D culture confines the cells to a planar environment and restricts
more complex morphologies observed in vivo. Evidently, the cells interact through
a limited membrane segment with the underlying substrate as well as the neigh-
bouring cells. As a consequence, the processes of mechano-transduction and the
interaction with soluble factors and mechanical cues are altered. Various types of
3D cell culture supports are developed, such as nano-fibres, hydrogels, microw-
ells, etc. [35]. Nano-fibrous scaffolds were able to mimic the architecture formed
by fibrillar ECM proteins [36]. Another approach to surround the cells with a truly
3D environment involves suspending them in a hydrogel. In such a culture model,
at intermediate elasticity (11-30 kPa), osteogenic commitment occurs, and adipo-
genic lineage occurs predominantly in softer (2.5-5.0 kPa) microenvironments. In
a 3D culture, matrix stiffness regulates integrin binding as well as reorganization
of adhesion receptors on the nanoscale [37].

Hematopoietic Stem Cells

Recently, it was shown that HSC expansion could be greatly enhanced on soft sub-
strates [38]. Studies describe two different HSC niches: the endosteal niche found
in between the bone and bone marrow [40, 41] and the vascular niche adjacent to
bone marrow sinusoids [39]. HSCs essentially exit the bone marrow niche and enter
the blood circulation in low numbers. Treatment with cytokines like granulocyte
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colony-stimulating factor (G-CSF) leads to its mobilization. Lee-Thedieck et al.
[42] claim that HSCs in contact with the osteoblasts can sense this change in elastic-
ity and respond to it. Primary hematopoietic stem and progenitor cells as well as
similar cell lines are capable of sensing the elasticity of the substrate on which they
grow and can manipulate their attachment and growth.

To test if HSCs can indeed sense changes in elasticity, a biocompatible substrate
with tunable elasticity was created like polyethylene glycol diacrylate (PEGDA)
hydrogels whose elasticity could be regulated by modulating the time of UV irradia-
tion during their synthesis. KG-1a, a hematopoietic cell line, was chosen as a model
for HSCs due to similar surface receptors and was seeded onto hard and soft
fibronectin-functionalized PEGDA hydrogels [42]. Results show that the softer the
substrate, the lesser the adherence. Cell migration was assessed by tracking indi-
vidual cells in time lapse movies. There was faster migration and shorter mean
paused time of KG-1a on hard matrix when compared to soft gels. On the soft
hydrogels, the majority of the cells were stationary, whereas on the hard gels, the
slow migrating cells formed the most prominent group indicating the importance of
matrix elasticity for HSCs.

Mechanical Stress

Embryonic Stem Cells

Mechanical forces alter the morphology of living cell. For example, unidirectional
laminar shear flow over a whole endothelial cell leads to cell spreading and elonga-
tion in the direction of the flow, and cyclic uniaxial strain on elastic substrates
causes the cells to align perpendicularly to the strain axis. To analyse the biophysi-
cal mechanism of stress-induced spreading in mESCs, Chowdhury et al. compared
the softness of mESCs with that of ES-derived cells/differentiated (ESD) cells [43].
The softness of mESCs was about seven times higher than that of ESD cells on the
same substrate. As the applied stress was the same for both cell types, it shows that
the soft mESCs were more responsive because of greater deformation or strains in
the mESCs than in ESD cells. With increasing cell softness, the cell-spreading
response (cell area in response to stress) increased.

To determine the long-term effects of a local cyclic stress in mESC functions,
they examined the activity of Oct3/Oct4-GFP promoter in undifferentiated cells
cultured in the presence of LIF. Oct3/Oct4 expression was downregulated by 35%
within 24 h and by 50% within 72 h after the application of local stress of about
17.5 Pa at 0.3 Oz for 1 h whereas control cells continued to express the same gene
levels a few micrometers away without stress. Thus, local cyclic stress through a
focal adhesion might be sufficient to drive mESC to differentiate.

Single cell plating of mouse ESC generates low basal tractions on soft substrates
and increased their basal traction proportional to substrate stiffness [44]. When
mESCs were cultured as aggregates, increase in substrate stiffness increased both
apical stiffness and basal traction of mESC colonies. It is believed to be the mecha-
nosensing E-cadherins, fixing the apical and basal cytoskeleton mechanically at lat-
eral adherens junctions.
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Mesenchymal Stem Cells

There is anisotropic mechanical strain in the vascular wall and mainly directed
along the circumference. Kurpinski et al. [45] used soft lithography and created
membranes of parallel grooves that are elastic in nature. Micropatterning techniques
were used, and anisotropic mechanical sensing by MSCs was examined [43]. Elastic
polydimethylsiloxane (PDMS) membranes with parallel microgrooves (10 pm in
width, 3 pm in height) were fabricated and assembled into the mechanical stretch
device. To determine the effects of uniaxial mechanical strain on cell alignment on
elastic substrates with and without microgrooves, human MSCs were subjected to
cyclic uniaxial strain for 2 days. Confocal visualization of normal elastic substrate
without any etching showed perpendicular alignment of MSCs to the axis of
mechanical strain while it covered entirely for grooved substrates. Thus MSCs fol-
low topographic guidance indicated by the surface covering and alignment on the
micropatterned grooves. There was no significant change in the intensity and struc-
ture of F-actin in the controlled or strained condition of patterned and unpatterned
membranes. There were differences in the global gene expression (microarray),
including an increase in the smooth muscle marker, decrease in cartilage matrix
markers and change in cell signalling. In addition, strain in one axis affected cell
fate decsions in MSCs. In order to study the role of cellular orientation in MSC in
response to uniaxial strain, the microgrooves were aligned perpendicular to the axis
of strain in the micropatterned membrane. In this setup, MSCs were oriented per-
pendicular to the axis of uniaxial strain. Here, calponin 1 gene expression still was
increased significantly by uniaxial strain, although to a lesser extent (1.7-fold).
Perpendicular uniaxial strain decreased cartilage matrix markers, and MSC prolif-
eration was not affected. These results suggest that strain direction are very much
needed for the assembly of structure and partially for the expression of tissue mark-
ers responsible in creating tension.

Hematopoietic Stem Cells

After initiation of the heartbeat in vertebrates, a master regulator of haematopoiesis,
Runxl, is expressed in the dorsal aorta and other vessels and arteries and gives rise
to hematopoietic cells [43]. This hematopoietic potential may be attributed to the
biomechanical forces imposed on the vascular walls. Shear stress increases hemato-
poietic colony-forming potential, and expression of hematopoietic markers in the
para-aortic splanchnopleura (PSp)/aorta-gonad-mesonephros (AGM) in the mouse
embryos and inhibition of nitric oxide, a mediator of shear-stress-induced signal-
ling, compromises hematopoietic potential in vitro and in vivo.

To examine the effect of fluid shear stress on the hematopoietic-forming poten-
tial of embryonic hematopoietic sites, Adamo et al. [46] established two-dimensional
primary cultures of AGM-derived cells. The effect of shear stress on specific hema-
topoietic lineages was examined using cell cytometry, which detected an increase in
erythroblast formation. Shear stress increases both the prevalence of hematopoietic
progenitors and the expression of hematopoietic markers in primary cultures of
cells taken from theAGM, indicating the importance of shear stress in embryonic
haematopoiesis.
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Studies on mutated mice like those that have homozygous mutation on particular
genes that help in maintaining the stress on fluid shear (the Na*/Ca*" exchanger
NcxI) give more relevance to sheer stress in embryonic hemogenic sites [46]. Cells
from the PSp/AGM region of Ncx™~ embryos were isolated, and either maintained
under static conditions or exposed to shear stress. Shear stress induced Runx1
expression and CFU (colony-forming units) activity in such cells.

Temperature

Temperature is another major factor that can affect the physiological processes in
stem cells and, hence, affect their overall potential. Different types of stem cells
have different tolerance levels to temperature fluctuations, which can happen often.
Cells are usually at the physiological temperature of 37 °C. Exposure to lower tem-
perature affects the cells to different extent depending on the cell type.

When hESCs are exposed to lower temperature like 25 °C for a period of 24 h,
the cells are found detached [47]. As a consequence, the cells lose their viability.
When the cells were exposed to a temperature of 4 °C, the survival rate was signifi-
cantly lower than at 25 °C. However, when the cells were cultured for a longer dura-
tion, the changes in the temperature did not impact significantly on the survival of
the cells. This demonstrated that hESCs survived exposure to low temperature for
extended durations. The cells remain undifferentiated after exposure to low tem-
perature, and this also did not result in any chromosomal aberrations that would
affect embryonic development.

Mesenchymal stem cells (MSCs) behave in a different way than ESCs in response
to temperature fluctuations. Rat MSCs at lower temperature (32 °C) showed higher
levels of p53 and p21, which are responsible for reduced proliferation. Stem cell
quiescence is of critical importance in maintaining the self-renewal capacity of stem
cells [48, 49]. The CDK inhibitor p21 keeps the cells in quiescent stage. Stem cells
lacking p21 show more symmetric cell divisions instead of asymmetric division
[50]. This leads to early exhaustion of somatic stem cells due to continuous produc-
tion of transit amplifying cells and then to differentiated cells. The tumour protein
p53 is an upstream regulator of p21 and is also involved in asymmetric cell division.
Elevated levels of the cell cycle inhibitors at lower temperature maintain the stem
cell-like phenotype of MSCs and protect the stem cells against differentiation [48].

Increased temperature results in higher levels of reactive oxidation species [48].
Therefore, cells will be in a more oxidative state compared to a reduced state at
higher temperature with elevated levels of oxidative damage [48]. The oxidized
state drives the cells to differentiation while a reduced state preserves the stem cell
quiescence [48]. So temperature, by changing the redox state of the cells, directs
differentiation and proliferation or self-renewing capacity of the cells.

Cell Shape and Density

MSC-derived connective tissue cells vary largely in phenotype. Differentiated adi-
pocytes are round and loaded with fat, while osteoblasts vary from elongated to
cuboidal depending on their matrix deposition activity [28]. In fact, the shape of
these cells serves specific functions. The range of phenotypes can be attributed to



4 Physico-Chemical Properties of the Stem Cell Niche 71

the change in the expression of integrins, cadherins and cytoskeletal proteins during
lineage commitment and differentiation. In addition to cell shape, cell density plays
an important role in fate decision of stem cells. The differences in cell density con-
fer changes of cell shape, which acts as a cue in the commitment process.

To control the degree of cell spreading and shape, micropatterned substrates are
used in the absence of cell-cell communication. Components of extracellular matrix
such as fibronectin were used to create microcontact print onto PDMS substrates to
allow cell spreading in a specific area [51]. Using this system, the effect of cell plat-
ing density on stem cell fate decisions was studied. Human MSCs were used, and
their differentiation to the osteoblastic and adipogenic lineages was examined [52].
The cells were plated at different densities (1000-25,000 cells/cm?) and cultured in
osteogenic or adipogenic media for 4 weeks. At the lowest plating density, cell-cell
communication is minimal as compared with higher plating densities wherein cells
are allowed to become confluent. Hence using varying degrees of cell-cell commu-
nication, osteogenesis and adipogenesis were assessed. At lower plating densities,
MSCs committed to the osteo-lineage while adipogenesis was very limited. When
exposed to a medium containing adipogenic as well as osteogenic factors, cells
plated at high densities favoured adipogenesis while the osteogenic fate was pre-
ferred at low densities. To rule out the effect of proliferation being linked to lineage
commitment, differentiation was examined in proliferation-arrested cells [52].

Human MSCs plated at low density exhibited more prominent stress fibres as
compared to densely plated and unspread cells. As RhoGTPase is a central regulator
of contractility in many cells [53], the role of RhoA was investigated in transducing
cell shape as a regulatory signal. To examine the levels of RhoA under various dif-
ferentiation conditions, cells were plated at low (4000 cells/cm?) or high (12,000
cells/cm?) densities and cultured in osteogenic, adipogenic or growth media. RhoA
activity was considerably higher in low- versus high-density culture, irrespective of
culture media across time points. Furthermore, RhoA activity was enhanced in
osteogenic media with respect to adipogenic media, which suppressed activation.
McBeath et al. [52] examined the rescue process of osteogenesis or adipogenesis
regulating the activity of RhoA. Human MSCs plated onto fibronectin islands and
infected with RhoA-N19 (dominant-negative RhoA). Round cells differentiated
into adipocytes. Spread cells infected with RhoA-V 14 (constitutively active RhoA)
showed differentiation towards osteoblast lineage. Osteogenesis was blocked by
blebbistatin, to indicate tension in this process. Active RhoA-V14-infected cells
failed to form osteoblasts when the cells were round in shape, while cell spreading
blocked dominant-negative RhoA-N19-induced adipogenesis. Therefore, cell shape
and RhoA activity are both necessary, but neither is sufficient, to drive the switch in
hMSC commitment.

Topography

The ECM network is made up of an intricate mixture of pores, ridges and fibres
ranging in sizes in the nanometre range. This calls for interplay between cells and
these nanoscale features. To study these effects in vitro, electron beam lithography
(EBL) was used for the fabrication of ultra-precise nano-topographies of ordered
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and disordered arrays down to 10 nm sizes [54]. Using a defined EBL approach, it
is possible to determine how MSCs respond to these nanoscale features [55].
However, the nanoscale order that exists in the body does not exhibit the same level
of organization as created by EBL. Thus, EBL was used to create surfaces with
varying levels of nano-disorder and random surfaces in addition to highly ordered
symmetries. The substratum, polymethylmethacrylate (PMMA), was etched with
120 nm diameter and 100 nm deep nano-pits over 1 cm? area from an original pat-
tern defined using EBL. Subsequently, five different patterns were used, with aver-
age centre-to-centre distance of 300 nm. The patterns were (a) square array (SQ),
(b) hexagonal array (HEX), (c) disordered square array with randomly displaced
dots by 50 nm on both axes from their position on a square array (DSQ50), (d) simi-
lar disordered square array with randomly displaced dots by 20 nm (DSQ20) and (e)
randomly placed pits over a 150 nm by 150 nm field, which spans an area of 1 cm?
(RAND). Immunofluorescence detection of bone ECM proteins has led to better
study of bone differentiation from osteoprogenitor cells. These proteins, osteopon-
tin (OPN) and osteocalcin (OCN), were analysed for their expression on various
osteoprogenitors, cultured for 21 days on different etched base substrates, e.g.
RAND. RAND showed dense cell proliferation, polygonal osteoblastic morphology
and negligible OPN and OCN, whereas DSQ50 nano-topography gave dense aggre-
gates with good morphology of osteoblasts and OPN expression. Twenty-eight-day
culture of DSQ50 allowed positive identification of mineralization as well.

Therefore, proper architecture, geometry and dimension of the niche are a cru-
cial aspect for the regulation of differentiation of various types of stem cells and can
efficiently modulate the cell fate. Biomimetic etching of the microenvironment can
thus be performed using high-end tools and instruments to study colonization, den-
sity and the differentiation pathways involved. Such nano-patterns can be a huge
contribution to the field of regenerative medicine to achieve directed differentiation
to particular lineages.

Colony Size

Pluripotent stem cells including hESCs are strong adherent individual cells that pro-
liferate to form tight colonies [29]. Thus, colony size and cellular composition may
play a pivotal role in regulating hESC fate. Peerani et al. [9] showed the use of micro-
contact printing to pattern hESC colonies. They can be etched with control on the
pitch and diameter of the colony onto defined adhesive islands. They hypothesized
that hESC propagation is influenced by the local cellular niche or the microenviron-
ment. To test this, they designed a series of experiments wherein they withdrew
exogenous cytokines (that supported undifferentiated growth of hESCs like FGF and
TGFp) from culture, and their differentiation was monitored for 48-h period. This
short-time period was chosen in order to capture initial changes in colony composi-
tion [9]. Methods were developed where defined microenvironments were printed in
distinct features for growing colonies of hESCs on ECM. The ESCs were plated as
single cells onto the patterned substrates. At early time points, these colonies
remained in monolayer form, irresepective of the colony size and did not show any
change in their cell growth. The proportion of Oct-4*cells also remained unchanged.
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Undifferentiated phenotypes can be observed in hESCs. Higher colony forma-
tion and large cell density have major roles in this phenotype. If hESCs have to
differentiate, they require BMP signalling which is inhibited by its antagonist GDF3
and by the activation of Smad 1 in such undifferentiated cells [56]. The opposite
was found in smaller colonies inhibiting its self-renewal especially by BMP2 secre-
tion. Directed differentiation to either endoderm or mesoderm can be guided in the
presence of inductive factors like BMP and activin which induce the differentiation
towards definitive endoderm in small colonies and mesoderm differentiation in
larger colonies. Thus, colony size and cell density within the colony are important
physical factors that control critical signalling pathways for hESC fate [57].

4.2.2.2 Biochemical Factors in Stem Cells

Extracellular Matrix

Extracellular matrix is the scaffold that holds the cells in their place and provides
essential molecular interactions for maintenance of their function. They are highly
dynamic in nature like a forest cover that provides perfect temperature, fluidity and
mechanical cues, needed for the cell to attach and grow. It influences the cells in
different ways; it provides proper space for the cells to spread without which they
may undergo programmed cell death. It can also exert its influence on the cell’s
motility and behaviour making them responsive to the external environmental con-
ditions. It consists of proteins like collagens, laminins, fibronectin, carbohydrates
and proteoglycans that together form a meshwork for the cells to adhere [58]. Itis a
reservoir of signals and chemicals needed to transduce information into the cells
that live in it.

Some non-integrin receptors like CD44 found in the ECM are very crucial in
mobilizing HSCs to their niche during transplantation [59, 60]. Another receptor
called Robo4 is an axon guidance receptor that helps in the adhesion of HSCs dem-
onstrated by competitive repopulation assays [61]. ECM is also a reservoir for
growth factors regulating their presence until they are required. Matrix metallopro-
teases are the enzymes that remodel the ECM to release these factors which were
otherwise inactive [62]. Other factors like fibronectin, vitronectin, collagen and pro-
teoglycans are also present in the ECM that bind to various signalling molecules
like FGF, VEGF, BMPs and TGFp [63].

To survive in its microenvironment, the cell has to exert some mechanical forces
that will generate equipotent strength between the cell and the matrix. In addition to
the mechanical force and sheer stress generated from the extracellular matrix, the
neighbouring cells also exert some compression, which in turn helps maintaining tis-
sue integrity. Stem cells also respond to stiffness of the ECM. Studies have been car-
ried out by carving out special structures for ECM that mimic the elasticity of various
niches like the brain, muscle and bone. When human MSCs are cultured on this syn-
thetic matrix, they are stimulated to produce tissue-specific transcription factors
diverting the differentiation program towards cells such as neuron like cells, myo-
blasts and osteoblasts [64]. For instance, the YAP/TAZ transcription factors act as key
mediators of ECM elasticity, cell geometry and cytoskeletal organization [61, 64].
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Cell fate can be switched by providing appropriate stiffness and elastic moduli.
An elastic modulus comparable to the bone marrow niche using materials like
hydrogel of polyethylene glycol (PEG), polyacrylamide (PAA) gel or hyaluronic
acid (HA) along with differentiation media for particular lineages and ECM-specific
molecules adsorbed onto the biomaterial will regulate the osteogenic differentiation
of MSCs [65].

Cytokines and Growth Factors

Cytokines and growth factors are external macromolecules or ligands that, when
bound to their receptor on the cell, lead to activation/deactivation of signal transduc-
tion pathways and induce changes in the cellular physiology. Signalling pathways
such as JAK/STAT pathway, BMP, Hedgehog, TGFp, PI3Kinase and ERK/MAPK
pathway have been shown to play important roles in the fate decisions of embryonic
as well as adult stem cells [66, 67].

LIF is a cytokine that maintains ESCs in an undifferentiated state. It is a member
of the IL-6 cytokine family that binds to LIF receptor and uses the gp130 as the
signal-transducing protein. It blocks the differentiation of epiblast by inhibiting
FGFS5 expression [68]. FGFS is not expressed in the undifferentiated stem cells of
inner cell mass. It is also seen to influence the visceral and parietal endoderm dif-
ferentiation [66]. LIF activates the Jak/Stat and Ras/MAPK signal transduction
pathways in the mESCs. The Ras/MAPK pathway inhibits parietal cell differentia-
tion whereas LIF activates Statl and Stat3 in ESCs via Jak [68]. Statl antagonizes
signalling events from the TGFf family members like BMP4, which in turn pre-
vents visceral endoderm development. Stat3 acts as a transcription factor for various
genes involved in self-renewal of ESCs. Jak activates Akt serine/threonine kinases
which inhibit GSK3p. Inhibition of GSK3f leads to an increase in the level of
Nanog and c-Myc, which are important for the self-renewal of mESCs. SOCS3 is
an inhibitory molecule, which keeps the balance between the two opposing signal-
ling pathways, self-renewal by JAK/Stat pathway versus the differentiation by
SHP2/MAPK pathway. Differentiation of human ESCs to the hematopoietic lineage
can be achieved if SOCS3 is overexpressed which inhibits the LIF/Stat3 pathway.
Gp130 also transduces downstream signalling by stimulating MAPK. This kinase
then phosphorylates cytoplasmic factors and enters the nucleus to activate transcrip-
tional regulators such as Elk, Ets, Myc and serum response factor (SRF). The
PI3Kinase pathway is more significant in regulating the cell cycle of stem cells [66].

Cytokines regulate the proliferation and differentiation of HSCs, directly or indi-
rectly. The cellular components of the HSC niche within the BM, such as the MSCs,
endothelial cells, pericytes and other hematopoietic cells, secrete various factors
that help in the proper maintenance and functioning of the resident HSCs or homing
and settlement of transplanted HSCs. The function of HSCs is also regulated by
certain ligands expressed on the stromal cell surface that interact with adhesion
receptors on HSCs and transduce signals inside. A chemokine called stromal cell-
derived factor-lo (SDF1ar) plays a major role in homing of HSCs. It binds to its
receptor CXCR-4 very specifically and help maintaining HSCs in homeostasis,
while also being important homing factor [67].
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Integrins are heterodimers containing a- and p-subunits. Integrins av and B5 are
highly expressed in undifferentiated hESC. Integrin-avp5 has been shown to regu-
late the TGFp signalling pathway in a number of cell types. TGFf signalling is
important for the maintenance and endoderm differentiation of hESC. Integrin-
odpl (very late antigen-4 (VLA-4) binds to fibronectin in the ECM as well as to
vascular cellular adhesion molecule 1 (VCAMI) [69]. Binding of VLA-4 to fibro-
nectin serves multiple functions including adhesion of HSCs to the microenviron-
ment, homing of circulating or transplanted HSPCs and transduction of signals to
the intracellular environment via VLA-4 receptor. Moreover, certain integrin chains
play important roles in homing of HSCs to the BM niche of irradiated recipient
mice, e.g. a4, a6, a9 and B1 [70]. The a9-integrin chain has a role in HSC growth
by interacting with an ECM protein tenascin-C [61]. HSC homing, proliferation and
its expression are mediated by the cytokine ligand thrombopoietin regulated by the
integrin-ovB3 [61]. Integrin-mediated signalling can be potentiated by the phos-
phorylation of focal adhesion kinases like ppFAK'?, which is enhanced by another
hematopoietic cytokine stem cell factor (SCF), which binds to its receptor c-Kit
(CD117) [71].

P- and L-selectins are expressed on endothelial cells and serve as ligands for
stem and progenitor migration [72]. CD162 (P-selectin glycoprotein ligand PSGL-
1), the sole receptor for P-selectins on immature hematopoietic progenitors, helps in
the adhesion of HSPCs to endothelial cells. Similarly, E-selectin is expressed spe-
cifically in the vascular niche by the endothelial cells and supports HSC prolifera-
tion. It was shown that deletion of E-selectin (Sele™~ mice) leads to increased HSC
quiescence [73]. Sialomucins are another type of glycoprotein expressed by stem
cells; for example, CD34 is expressed on most of the human hematopoietic progeni-
tor stem cells and is used as a marker for HSCs [67, 74]. It has been shown to play
important role in HSC trafficking [75] and HSCs deficient in CD34 expression
lacked colony formation activity [76]. CD34 has been shown to interact with
L-selectins in a variety of cell types [77], hence bringing definitive ECM function in
maintenance of HSCs. Our own recently published results showed that HSC bind-
ing to an ECM-binding protein periostin via integrin-a plays important role in main-
tenance of quiescence. Loss of this interaction led to ageing-like hematopoietic
phenotype in young HSCs [78].

pH and Osmolarity

A physiological environment is very important in maintaining cellular activities.
Temperature, pH and other biochemical factors influence differentiation, prolifera-
tion and maturation of cells. It has been shown that adult as well as embryonic stem
cell function is affected by changes in pH, temperature and osmolality.

Optimal pH for cell proliferation varies depending on the cell type. Any devia-
tion from the optimal pH is reflected in the growth rate and proliferation of the cells.
Changes in the extracellular pH influence intracellular pH as well as ion signalling,
which triggers changes in cell fate decision and behaviour. In different types of
cells, different pH conditions can cause different effects. Mouse ESCs cultured at
7.0 pH resulted in threefold decrease in embryoid body (EB) formation [79].
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A lower pH not only decreased the growth rate of ESCs but also decreased the frac-
tion of EB-forming cells. The growth rate of mESCs also declined at alkaline pH. A
decrease in growth rate was observed at pH of 7.75, and at pH 7.9, viability was
severely reduced. Changes in pH conditions also affect cellular metabolism, which
can affect the differentiation potential of cells, thereby making pH important for
overall stemness of stem cells. For example, the ability of mESCs to differentiate
into the cardiac lineage was significantly reduced when the differentiation cultures
were maintained at an acidic pH (6.8). This also affected viability and metabolic
activity of differentiating mESCs as reported earlier. However, at low pH, the cells
expressed significantly higher levels of pluripotency markers implying that acidic
conditions would favour maintenance of pluripotency and inhibition of differentia-
tion programs [80]. It was also observed that the effect of pH on the potential of
ESCs can be reversed. When the ESCs are cultured at lower or higher pH and then
transferred to the optimum pH, the proliferation rate and embryoid body formation
potential were recovered. This implies that the cells capable of forming embryoid
bodies are not lost at higher or lower pH [81].

The bone marrow, wherein HSCs reside, is heterogeneous in its constituency,
and it is expected that pH and pO, gradients exist within the bone marrow based on
the distance from blood vessels. Once taken out from their niche for ex vivo manip-
ulation, HSCs respond to the changes in physiological conditions and spontane-
ously lose their stemness [82]. Ex vivo expansion of mobilized peripheral blood and
umbilical cord blood-derived HSCs can be clinically very relevant. Various methods
have been described to culture these cells using different cocktails of cytokines [83].
As compared with the normal culture conditions wherein the pH is kept at 7.38 and
pO2 at 20%, granulopoiesis was induced when hHSCs were cultured at a pH
between 7.07 and 7.21 pH and at 5% pO,, along with increase in expansion of total
cell number [84]. Therefore, differentiation was accelerated under low oxygen ten-
sion and low pH conditions. However, differentiation towards different blood lin-
eages requires distinct physiological conditions along with suitable growth factors.
For example, erythroid differentiation is accelerated at a higher pH whereas a low
pH of 7.1 favours primitive erythroid progenitors [85]. Megakaryocytes mature
faster and undergo apoptosis at higher pH compared to medium and low pH [86].
On the other hand, low pH favours expansion of megakaryocyte progenitor cells. A
potent proliferation and differentiation factor of erythroid (E-) and granulocytic
(G-) lineages is pH of the culture. Moreover, the cloning efficiencies of primitive
erythroid progenitors (BFU-E) were ninefold higher at low pH of 7.1 compared
with high pH of 7.6. As all the cytokine combinations were tested, some progenitor
types of E and G showed reduced cloning efficiency of up to 85% when increased
by 0.2 units over the physiological pH of 7.4. Under homeostatic conditions within
the BM, hHSCs are maintained in largely quiescent state at low oxygen levels.

HSCs are influenced by MSCs in the bone marrow [87]. MSCs are also sensitive
to changes in pH. There was no cell proliferation at pH 8.85 and the cells died at
pH 9.37. Unlike ESCs, proliferation was unaffected at alkaline pH up to 8.27.
Overall, h(MSCs are more tolerant to alkaline pH compared to ESCs. The osteogenic
differentiation and mineralization of the bone marrow hMSC extracellular matrix
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were also strongly dependent on pH, with the highest activity observed at pH 7.47.
Increasing the pH to 8.27 reduced osteogenic differentiation. A further increase of
pH to 8.85 resulted in minimal differentiation. Mineralization occurred only at
physiological pH (pH initial less than 7.54) [81].

Osmolality also plays a critical role in growth and proliferation of stem cells. It is

noteworthy that mESCs cultured on the irradiated feeders and gelatinized plates
experience different osmolality. They show maximum growth rate at initial medium
osmolality values of 300-335 mOsm/kg [78]. Osmolality values less than
250 mOsm/kg or greater than 400 mOsm/kg reduced the growth rate of ESCs.

Conclusions

Stem cells hold immense potential for clinical as well as industrial research,
which has not been trapped till date. This has been mainly due to incomplete
knowledge of the factors that regulate their function in vivo. Physical factors that
regulate stem cell function are relatively less studied, but they hold a lot of prom-
ise when it comes to creating conditions suitable for their ex vivo expansion or
directional differentiation. Further studies in this aspect are highly sought after
and will pave way to efficient use of stem cells and identifying new avenues for
their application in regenerative medicine.
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Derived Exosomes/Exosome Mimetics
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Abstract

Mesenchymal stem/stromal cells (MSCs) are a heterogeneous population of cells,
which is being regularly used in cell-based therapy for vast clinical conditions due
to immunomodulatory and tissue repair ability. It is believed that the therapeutic
effects of MSCs are mediated by secreted paracrine factors and extracellular ves-
icles. Exosomes are subpopulations of extracellular vesicles secreted by cells in
the size range of 30—100 nm and act as the essential component of intracellular
signaling. Further, functional mechanisms of MSC-derived exosomes are similar
to the effect exhibited by MSCs itself. Therefore, to some extent in specific cir-
cumstances, MSCs can be replaced by acellular exosomes in clinical settings. Due
to the non-viable nature, clinical usage of exosomes is considered safe, because
transplantation of stem cells (including MSCs) may pose the risk of tumorigenesis
in the long-term follow-ups. Being the natural carrier of nucleic acids and proteins
representing the characteristics of donor cells, exosomes are considered as a
potential cell-free vehicle for drug delivery and regenerative applications. In this
review, we have summarized the functional mechanisms of naive/genetically
modified MSC-derived exosomes in various regenerative applications. Also, we
briefly describe the potential of exosome mimetics and the regulations of exo-
some-based cellular products for clinical applications.
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Abbreviations

BM-MSCs Bone marrow mesenchymal stem cells

CSF Cerebrospinal fluid

DG Dentate gyrus

EMT Epithelial-mesenchymal transition
HUVECs Human umbilical vein endothelial cells
I/R Ischemia/reperfusion

ILV Intraluminal vesicle

ISEV International Society for Extracellular Vesicles
MI Myocardial infarction

miRNA MicroRNA

MVEs Multivesicular endosomes

siRNA Small interfering RNA

5.1 Introduction

Regenerative medicine employs the application of cell/cell-derived products in
repairing the injured tissues/organs and restoring their normal functions in several
physiological and pathological conditions. An ideal cell source for regenerative
applications should have the ability to differentiate into the specific lineage of cells
which regenerate the injured tissues and be devoid of immunological clearance.
Mesenchymal stromal cells (MSCs), which are generally considered as immune
privileged cells, also have the ability to differentiate into the various cell types
across the germ layers apart from immunomodulatory potential. This makes them a
suitable candidate for regenerative applications where a synergistic and combinato-
rial approach is often required. MSCs derived from both fetal and adult tissues hold
great promise for therapeutic applications due to their ease of isolation and expan-
sion, self-renewal ability, multipotency, and less ethical issues [1, 2]. The minimal
criteria laid down by the International Society for Cellular Therapy (ISCT) to define
MSC:s derived from various sources are (1) the plastic adherence, (2) the expression
of a panel of positive markers (CD29, CD73, CD90, and CD105) and negative
markers (CD14, CD34, CD45, and HLA-DR), and (3) the ability to differentiate
into the cell types of mesodermal lineages [3]. Tilldate, MSCs do not have a specific
marker which precisely mark and identify the cells in situ into animal tissues or
track the in vivo fate following transplantation. Besides the above positive markers,
several studies have classified MSCs on the basis of the expression of CD106,
CD146, and CD271. MSCs expressing above markers (CD106, CD146, and CD271)
were shown to possess superior proliferation, differentiation, and immune modula-
tion properties and thus believed to have better therapeutic potential [4—6]. MSCs
derived from various tissue sources have established their therapeutic potential
across a plethora of clinical conditions, which is directly reflected upon by the more
than 500 active MSC-based clinical trials throughout the world (https://clinicaltri-
als.gov/). Moreover, recent studies on the safety of intravenously transplanted
MSC:s concluded that transplanted cells by themselves have not been deleterious to
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the host, as there is no short-term or long-term adverse effects observed [7]. Initially,
the mode of action of MSC’s therapeutic effect was believed to be due to the ability
to home to the site of injury and differentiation to replace the injured/dysfunctional
cells. However, it is now more evident that secreted trophic factors primarily hold
responsible for the therapeutic effects, as chances of long-term survival of trans-
planted MSCs and subsequent differentiation are very remote [8, 9]. Moreover,
recent emerging studies describe the role of extracellular vesicles such as microves-
icles and exosomes secreted by MSCs as a potential agent for therapeutic effect
apart from the paracrine factors (Table 5.1). Although, there have been no

Table 5.1 Mode, mechanism, and molecular basis of therapeutic intervention in human MSC-
derived exosomes (1 shows up-regulation; | signifies down-regulation)

Molecular basis/mode/mechanism of action

‘ Reference

Cardiac repair

| Oxidative stress, apoptosis, TGF-f signaling

[10]

1 Akt/GSK3 signaling

[11]

| c-JNK signaling

Liver

| AST and ALT levels

[12]

| Necrosis, | caspase 3/7

1 NF-kB, STAT3, PCNA, cyclin-D1, cyclin-E, TNF- «,

1L-6, Bcl-xLL

1 Collagen III, | collagen I

[13]

| TGF-p/SMAD signaling Z

| EMT of hepatocytes

1 E-cadherin® cells, | N-cadherin* cells

Kidney repair

| Necrosis, | apoptosis

[14]

1 Oxidative stress, | BAX

1 BCL- 2 and ERK 1/2

Neural

1 CTNS, | cystinosis

[15, 16]

1 Neprilysin, | Ab plaques

[17]

1 Neurite outgrowth

[18]

Wound healing

1 Fibroblast proliferation and migration

[19-22]

1 Tube formation in HUVECS (angiogenesis)

1 Elastin, collagen I and III

1 HGF, IGF-1, NGF, and SDF-1«

1 ERK1/2, STAT-3, and Wnt/B-catenin signaling

1 Akt signaling through PDGF-BB, G-CSF, VEGF, MCP-1,

IL-6, and IL-8

Muscle regeneration

1T MYOG, MYOD1

[23]

1 miR-1, miR-133, miR-206 (myogenic)

1 miR-21 (anti-apoptotic)
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Fig.5.1 Cell-derived exosomes—multimodal therapeutic effects of MSC exosomes: MSCs may
be engineered to produce exosomes that may exert their therapeutic benefits in a plethora of medi-
cal applications

deleterious adverse effects reported in clinical/preclinical trials of MSCs, accumu-
lation of mutations in long-term in vitro cultured MSCs does not completely exclude
the risks associated with MSC transplantation in clinical applications [24, 25].
Therefore, extracellular vesicles such as exosomes derived from unmodified as well
as genetically engineered MSCs hold vast promise in regenerative medicine
(Fig. 5.1). The reasons of which are (1) non-viable nature, (2) ability to transport
proteins and several nucleic acids as cargo, and (3) reflect the characteristics of
donor cells, making exosomes advantageous in clinical translation. In this review,
we will discuss the current advancements in the application of human MSC-derived
exosomes in diverse regenerative applications.

5.2 Exosomes: Biology and Safety

The study of the fate of transferrin receptors in maturing reticulocytes led to the
discovery of exosomes in 1983 [26, 27]. The biogenesis of exosomes begins with
intraluminal vesicle (ILV) formation within the multivesicular bodies/endosomes
(MVEs) followed by the transfer and fusion of MVBs with the plasma membrane to
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release the exosomes into the extracellular space. Explaining the cascade of events
involved in each stage of exosome biogenesis is beyond the scope of this review,
which is already extensively reviewed elsewhere [28-30]. Released exosomes are
taken up by the recipient cells very similar to the entry of pathogenic virus and bac-
teria into the cells. There are different mechanisms proposed including receptor-
mediated endocytosis (energy dependent), phagocytosis, macropinocytosis, and
finally direct fusion of exosomes with the plasma membrane for the entry of exo-
somes into the target cells [31]. Recently, Heusermann et al. [31] demonstrated that
exosomes surf through the filopodia to accumulate at the filopodial base which in
turn endocytosed within the cell. Moreover, filopodia are also found to pull and grab
exosomes to the base of filopodia for endocytosis within the cell.

The first report of MSC-derived exosomes was published in the year 2010 [32].
The initial study was related to identifying the MSC-derived factors responsible for
the cardioprotective effect led to the paracrine factors and subsequently exosomes
as a therapeutic agent [32]. Leaps of studies have been published now and then on
the role/diverse effect of MSC-derived exosomes and their molecular basis/mode of
action in the field of regenerative medicine. The International Society for
Extracellular Vesicles (ISEV) published the position statement regarding the experi-
mental requirements to define extracellular vesicles to curb any confusions regard-
ing the identity and function of extracellular vesicles [33]. Recently, Sun et al. [34]
evaluated the safety of exosomes derived from the human umbilical cord MSCs, and
they found that there is no adverse effect caused by exosomes in rats intravenously
infused with exosomes. Moreover, the presence of exosomes in several human bio-
logical body fluids indicated that exosomes are well tolerated by the body [35].
Characteristics of exosomes such as nonviability, ease of genetic modification to
express proteins/miRNA/siRNA and target motifs on their surface, large-scale puri-
fication, and the proven safety profile make them a potential candidate for several
clinical applications related to regenerative medicine.

5.3 Therapeutic Application of MSC-Derived Exosomes
5.3.1 Exosomes in Cardio Repair

Myocardial infarction (MI) accounts for the high rate of mortality and morbidity
apart from cancer worldwide. Hindrance in the blood flow to some parts of the heart
muscle leads to the unavailability of oxygen (ischemia) to the cardiomyocytes in
turn causes irreversible damage. Further restoration of the blood flow and oxygen
(reperfusion) aggravates the injury and contributes to the infarction of the heart
muscle [11]. Stem cells due to their regenerative potential have been studied in the
treatment of preclinical models of MI, as significant challenges like renewability of
damaged myocardium and scarred heart tissues remain in conventional treatment
[36]. In 2006 Gnecchi et al. [37] reported the first evidence for paracrine-mediated
tissue repair ability of soluble factors secreted by MSCs. They found that condi-
tioned media derived from hypoxia-preconditioned rat MSCs overexpressing Akt
(Akt-MSC) reduced the infarct size and improved the ventricular functions in rat MI
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model. Soon after the paracrine effects of human ESC-derived MSCs conditioned
media (CM) in ischemic/reperfusion injury model reported that intracoronary/intra-
venous administration of MSC-CM reduced oxidative stress, apoptosis, and TGFf
signaling. Further, they observed that large complexes of fraction (>1000 kDa) are
obtained by fractionation experiments, with size ranging from 100 to 220 nm in the
products of conditioned media attributed to the cardioprotective factors [10]. These
seminal studies regarding the paracrine mechanism of MSC subsequently led to the
discovery of human MSC exosomes in 2010 [32]. Intravenous administration of
HuES9.El-derived exosomes, 5 min before the reperfusion in pig myocardial
infarction model, leads to the reduced infarct size. Furthermore, they confirmed that
this paracrine effect was independent of circulating immune cells and autonomous
heart effect by ex vivo Langendorff mouse ischemia/reperfusion (I/R) model.
However, the exact molecular mechanism of this effect was not known [32]. Later
Arslan et al. [11] reported that exosome treatment led to the reduction in infarct size
and preserved the heart end-diastolic and end-systolic volumes. Moreover, intact
exosomes were needed for the cardioprotective effect, as homogenized exosomes
failed to impose the effect. In this study, authors observed that NADH/NAD* and
ATP/ADP ratio were increased in exosome-treated animals (30 min after reperfu-
sion). These effects restored the lost ATP/NADH due to mitochondrial dysfunction
caused by I/R injury. The mechanism of this energy replenishment may be attribut-
able to the transfer of functional glycolytic pathway enzymes by exosomes.
Additionally, exosomes activated pro-survival Akt/GSK3 pathway and inhibited
pro-apoptotic c-JNK signaling pathways. Exosome treatment also reduced inflam-
mation and oxidative stress caused by I/R injury. Most recently Zhao et al. [36]
demonstrated that human umbilical cord MSC-derived exosomes reduced fibrosis
and enhanced the cardiac systolic function apart from affecting proliferation and
anti-apoptotic effect in cardiomyocytes of AMI rats.

5.3.2 Exosomes in Kidney Repair

Zhou and colleagues wanted to analyze the regenerative capabilities of human
umbilical cord-derived MSCs in a cisplatin-induced acute kidney injury model in
rats. Injection of MSC-derived exosomes into the kidney capsule helped to improve
the survivability and proliferation of the rat renal tubular epithelial cells in culture
and also significantly lowered the levels of necrosis, apoptosis, and oxidative
stress. Upon further investigation, they concluded that the exosome fraction
reduced Bax and increased Bcl-2 levels to modulate apoptosis and stimulated
Erk1/2 on proliferation [38]. It has also been shown that exogenous MSC is known
to exert important paracrine effects in murine models of acute kidney injury. This
effect was also, in particular, when the cells were derived from amniotic fluid
rather than from the adult bone marrow [14]. MSC’s paracrine factor has been long
envisioned, but a drastic turn toward the characterization of the secretome was
partly achieved by Kilpien and colleagues who studied the extracellular vesicles
regarding their nephroprotective role in ischemic acute kidney injury. When the
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same cells were stimulated with IFNy and compared with that of untreated, there
was a significant difference in the proteins of the extracellular membrane vesicles
and loss of therapeutic potential in ischemic kidney injured rats. Some of the high-
lights in the paracrine composition were the complement factors and lipid binding
proteins in the un-stimulated, accompanied by the presenting of a more “complete”
profile along with MHC-I. Another striking feature of the study was the presence
of a distinct set of Rab family of proteins in the two groups convincing us of
another concept of “on-demand” production of extracellular vesicles from differ-
ent intracellular locations upon specific external signals [39].

5.3.3 MSCExosomes in Liver Injury

Liver injury is a serious health concern in the world. Even though liver is one of the
most sophisticated of organs with the ability to repair the damage by replication of
matured liver cells, any injury which impairs the function will lead to acute liver
failure or death. Several causes have been proposed for both acute and chronic liver
injury including viral infection, alcohol consumption, drugs, and autoimmune reac-
tion against liver hepatocytes [40]. Human ESC-MSC (HuES9.E1)-derived exo-
somes reduced the level of liver injury, measured by AST and ALT levels in
(CCly)-induced mice liver injury model. Further, exosomes minimized the drug-
induced hepatocyte necrosis and enhanced the expression of NF-kB, PCNA, and
cell cycle regulatory proteins cyclin DI and cyclin E which plays a major role in
hepatocyte regeneration. The similar effect was observed in vitro in a liver injury
model of hepatocytes induced by oxidative stress (H,O,) and xenobiotic drug (acet-
aminophen). Exosomes induced the injured quiescent hepatocyte (G) to reenter
into a G1 phase of the cell cycle by expression of priming factors including TNFa
and IL-6, which further propagated the proliferation signals in hepatocytes as evi-
denced by the restored expression of NF-kB and downstream effector STAT3.
Moreover, they observed that exosomes increased the expression of anti-apoptotic
protein Bcl-XL and decreased the apoptotic Caspase 3/7 expression which explains
in part, the mechanism of exosomes in enhancing cell viability of hepatocytes
injured with drug or oxidative stress [13]. Liver fibrosis is an event that occurs
immediately after the liver injury; this is the first phase of liver scarring which is
characterized by the enhanced accumulation of extracellular matrix proteins. Once
liver tissue is scarred, it cannot perform the normal functions [40]. It has been dem-
onstrated that human UC-MSC exosome administration ameliorated the CCl,-
induced liver fibrosis in mice. Exosome treatment restored the smooth texture of the
liver which is lost during the process of liver fibrosis. Moreover, exosomes inhibited
apoptosis of hepatocytes and destruction of hepatic lobule in vivo. Earlier reports
suggest that epithelial-mesenchymal transition (EMT) of liver hepatocyte and
TGFB1/Smad signaling pathways is responsible for liver fibrosis. In this study, they
observed that exosomes inactivate TGFp1/Smad signaling pathway as reduced level
of both protein and mRNA transcript of TGFf1 in exosome-treated groups than
PBS-treated animals. Further, collagen deposition was reduced 2 weeks after
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exosome administration, whereas accumulation of collagen was observed in PBS-
treated groups. Gene expression analysis in exosome- and PBS-treated livers con-
firmed that collagen I and collagen III mRNA levels were decreased and increased
respectively. The mode of action of the exosome in liver fibrosis is explained by the
fact that exosome inhibits EMT of hepatocytes in injured liver, as more E-cadherin-
positive cells and less N-cadherin-positive cells were observed after transplantation
of exosomes [40].

5.3.4 Exosomes in Muscle Regeneration

Earlier Natsu et al. [12] noted that MSCs regenerate injured skeletal muscle in allo-
geneic settings by paracrine-mediated mechanisms. Further, they noted that trans-
planted MSCs did not differentiate into myofibers-building blocks of muscle. This
phenomenon postulates that MSC secreted cytokines and growth factors considered
to be the sole effectors of muscle regeneration in this study. Recently, Nakamura
et al. [23] studied the effect of human BM-MSC-derived exosomes in cardiotoxin
muscle injury mice model. Exosomes induced the proliferation and differentiation
of mouse myoblast in vitro as evidenced by increased total nuclear number and
enhanced expression of Myog and Myodl myogenic markers in C2C12 myoblast
cells upon 4 days of exosome treatment. Intramuscularly injected exosomes reduced
the fibrosis and increased the number and diameter of centronuclear myofibers in
the injury site. Moreover, exosomes are found to be enriched with several myogenic
miRNAs (miR-1, miR-133, and miR-206) and anti-apoptotic miRNA (miR-21).
This, in part, explains the mode of action of exosomes in muscle regeneration.

5.3.5 Exosomes in Neural Tissue Repair

Currently, it is established that MSCs have multipotent differentiation potential and
can differentiate into neurons or help neurogenesis in vivo [41, 42]. Iglesias et al.
[43] have shown that the microvesicles released by MSCs contain wild-type cysti-
nosis mRNA and protein. Consequent uptake of the same by mutant CTNS (2/2)
fibroblasts or proximal tubule cells delivers CTNS to the endosomal/lysosomal
compartment and thus significantly reduces the pathologic accumulation of cystine.
This also explains the mechanism for treatment in a ctns knockout murine model of
cystinosis, which could be due to microvesicle shedding [15]. Novel therapeutic
possibilities have been made possible in the recent years by using MSC-derived
EVs in the severely debilitating condition of Alzheimer’s disease, which is caused
by an accumulation of -amyloid peptides (Ab plaques). Among the several prote-
ases that are involved in degradation of Ab proteolysis, neprilysin (neutral endopep-
tidase—NEP) is one of the foremost, and its enzymatically active form is known to
be present in the MVs produced by adipose tissue-derived MSCs [16]. It has been
shown that a systemic administration of exosomes derived from rat bone marrow
MSC:s significantly alters the cortical lesion volume in a traumatic brain injury
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(TBI) model. This study also demonstrated many potentially positive outcomes,
such as improved sensory motor function, cognitive recovery, increase in the num-
ber of newly formed neuroblast, mature neurons in the dentate gyrus (DG), increased
number of newly formed endothelial cells in the lesion boundary zone as well as
DG, and reduced brain inflammation along with functional recovery to emphasize
novel possibilities in TBI [17]. It often remains a general notion among the transla-
tional community to question the need for a cell-based therapy when the paracrine
activity is believed to surpass the differentiation potential, so a “dividing” cell could
be replaced with a substitute, avoiding the possible adverse effects. Xin et al. [18]
have shown the application of MSC-derived exosomes in rat models of stroke and
have applauded the significant functional recovery and restorative effects a real
promise regarding translation, combating one of the most potent killers of our time.
Improved neurite remodeling, neurogenesis, and angiogenesis were the mecha-
nisms that underlay the beneficial effects which are primarily accounted to by the
miRNA content of the exosomes. Menstrual fluid MSCs which have gained impor-
tance shortly are known for their high proliferation rate, multipotency, ease of
obtention, and lack of ethical issues [44-46]. Lopez-Verrilli et al. [47] have com-
pared the exosome fraction from different MSC sources such as the bone marrow,
chorion, umbilical cord, and menstrual fluid for promoting neurite outgrowth. The
menstrual MSCs (MMSCs) showed comparable neurite outgrowth in dorsal root
ganglion neurons to that with BM-MSCs but demonstrated a superior growth of the
longest neurite in cortical neurons than the rest of the MSCs, thus establishing a
scope in the future for axonal regeneration following nerve injury in the nervous
system. Exosome therapy has further expanded deeply into the clinical setup to
prove effectiveness in secondary conditions of diabetes-induced cognitive impair-
ments in streptozotocin-induced diabetic mice, which revealed recovery of previ-
ously damaged neurons and astrocytes. PKH-labeled exosomes were employed to
unravel the mechanism of amelioration; it was revealed that astrocytes and neurons
can internalize exosomes. Previous studies have shown that exosomes from
BM-MSCs, in an intravenous administration, take the route from blood vessels via
the parenchyma finally to cerebrospinal fluid (CSF) [48], by which exosomes could
take up before getting internalized by the astrocytes and neurons [49]. The cargos of
the MSCs play the most important role toward their therapeutic efficacy. In a study
by Xin et al., [50] it was revealed that the majority of the miR-133b released by the
MSC:s are primarily contained in the exosomes and thereby communicate with the
astrocytes and neurons for enhancing neurite outgrowth.

5.3.6 Exosomesin Wound Healing

The non-healing cutaneous wounds occur in patients due to either pathological con-
ditions like diabetes and vascular diseases or due to traumatic and burn injuries [51].
Despite the new technologies including skin substitutes and growth factors that have
been employed in current treatment regime, delay in healing of chronic wounds and
scarring often hinder the day-to-day life activities of patients [52]. Several research
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groups including ours have explored the application of MSCs derived from different
sources in wound healing and have shown that MSCs enhance the wound healing by
secreting growth factors, increasing neoangiogenesis, and improving deposition of
extracellular matrix proteins [2, 53-56]. The conditioned media derived from
in vitro cultured MSCs in different phases of wound healing also has shown effi-
ciency [57, 58]. Few studies have reported the role of extracellular vesicles-more
specifically exosomes in wound healing. The common mechanisms through which
exosomes alleviate the wound healing lies in (1) increased proliferation and migra-
tion of dermal fibroblast/skin cells, (2) inducing fibroblast to secrete extracellular
matrix proteins and growth factors, (3) enhancing angiogenesis, and (4) activating
the signaling pathways involved in wound healing [19-22]. Exosomes derived from
human iPSC-MSCs enhanced the proliferation and migration of dermal fibroblast in
a concentration-dependent manner [21]. A similar effect was observed in both nor-
mal dermal fibroblast and diabetic wound fibroblast treated with BM-MSC-derived
exosomes [19]. Further uptake of exosomes enhanced the tube formation ability of
HUVECs upon culturing in tube formation conditions in Matrigel; thus, exosomes
enhance in vitro angiogenesis [19, 21]. The gene expression and secretion of extra-
cellular matrix proteins type I and III collagen and elastin are found to be increased
in fibroblast upon treatment with exosomes in a dose-dependent way [21]. BM-MSC-
derived exosomes contain transcriptionally active STAT3 as cargo, which, under
in vitro conditions, activates AKT, ERK1/2, and STAT3 signaling pathways in
fibroblasts. These bioactive molecules are also known for their role in different
phases of wound healing process. Activation of STAT3 induced the expression of an
array of genes involved in cell cycle and growth factors including hepatocyte growth
factor (HGF), insulin-like growth factor 1 (IGF-1), nerve growth factor, and stromal-
derived growth factor 1 a (SDF1a) [19]. Exosomes derived from human UC-MSC
express high levels of Wnt4 protein which subsequently activates Wnt/p-catenin
signaling in HaCAT and DFL cells as evidenced by the nuclear translocation of
B-catenin [20]. They also found that activation of AKT pathway by cytokines
(PDGF-BB, G-CSF, VEGF, MCP-1, IL-6, and IL-8) delivered by exosomes inhib-
ited the apoptosis of thermally stressed skin cells. In a rat skin-deep burn model
(80 °C water for 8 s), Zhang et al. [21] showed that subcutaneous administration of
exosome isolated from UC-MSCs increased the re-epithelialization as characterized
by the increased number of dermal and epidermal cells, which is the important
phase of wound healing. Exosomes isolated from human iPSC-derived MSCs
enhanced wound closure and reduced scar formation in vivo in rat full-thickness
skin defect model. High collagen synthesis and improved angiogenesis were the
two factors observed to be responsible for wound healing [20, 21].

5.4 Development of Exosome Mimetics

For the past several years, biological drugs like miRNA, siRNA, anti-miRNA, and
several recombinant proteins have been extensively studied as an alternative to syn-
thetic drugs [59]. The delivery of biological drugs into the patients by
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liposome-mediated approach has several limitations. Liposomes are (1) susceptible
to degradation, (2) elicit host immune response, (3) subject to clearance by comple-
ment proteins, and also (4) have low efficiency due to the poor ability to cross the
membranes [60]. Exosomes are naturally derived vesicles and involved in the trans-
fer of nucleic acids, proteins, and any other cargo from the donor cell to the far apart
recipient cells. Therefore, exosomes are considered as a natural alternative candi-
date to liposomes for delivering the drugs into the system. Moreover, exosomes
have several advantages over liposomes, as they (1) elicit less/no immunological
response, (2) efficiently deliver the cargo into the cytoplasm of the recipient cells,
and (3) evade the complement and coagulation proteins that enhance the stability of
exosomes in the blood [61]. However, the translation of exosome from bench to
bedside has been faced with several challenges: (1) complexity surrounding the
structure and functions of exosomes, (2) inability to purify the homogenous popula-
tion of endogenous exosomes from heterogeneous vesicles, and (3) lack of efficient
methods/techniques for the robust, scalable production of exosomes for clinical
applications. Cells per se secrete fewer amounts of exosomes which are further lost
during laborious methods for exosome purification [62]. One of the possible
approaches to fill the voids created by the low yield of exosomes is producing syn-
thetic vesicles which resemble the endogenous exosomes (exosome mimetics).
Liposomes are phospholipid bilayered structure similar to the size of exosomes of
around 100 nm and can be loaded with biological drugs. Moreover, liposomes have
been in the drug delivery field for an extended time and several liposome formula-
tions undergoing preclinical/clinical development [63]. It is possible to mimic the
exosomes as not all the components of exosomes are required for the transport and
delivery of cargo into the recipient cells. Functional components alone can be inte-
grated into the liposomes to develop them into exosome mimetics. These mimetics
will have the benefits of endogenous exosomes (stability, efficient delivery of cargo,
and less immune response) as well as the advantages of liposomes (scalable produc-
tion and pharmaceutically accepted characteristics). However, the knowledge about
the components crucial for exosomes is still lacking and needs to be further explored.
Albeit, there are several critical elements in the spectrum of lipids (sphingomyelin,
cholesterol, and gangliosides) and proteins (tetraspanin, integrin, thrombospondin
1, ICAM 1, CD55, and CD59) which constitute the exosomes that have been pro-
posed for the incorporation into the exosome mimetics [64]. Lunavat et al. [65]
successfully loaded siRNA into the exosome-mimetic nanovesicles exogenously
through electroporation and confirmed that loaded siRNA significantly downregu-
lated the target gene expression. Moreover, endogenously cell expressed shRNA
(c-MYC) also effectively packaged into the mimetics and remained functionally
active to knock down the gene expression in the recipient cells. This study further
affirms the concept of using exosome mimetics for biological drug delivery, as well
as the feasibility of loading RNA interference molecules through both exogenous
and endogenous methods. The current chemotherapy regime used for cancer treat-
ment has potential non-specific side effects due to the damage caused to the normal
cells. Targeted delivery of chemotherapeutic drugs specifically to the cancer cells
can minimize the side effects. Jang et al. [62] exploited the exosome-mimetic
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nanovesicles derived from doxorubicin pre-loaded monocytes and macrophages for
targeted drug delivery to mouse colorectal cancer preclinical model. They observed
that upon systemic administration exosome mimetics inhibited the tumor growth
without side effects comparing to the freely administered drug. Moreover, the exo-
some mimetics required much lower concentration of drug when compared to the
freely administrated drug (20-fold more) for the similar tumor suppressive effect.
Exosome-mimetic nanovesicles derived from mouse pancreatic f-cell lines induced
in vivo differentiation of subcutaneous Matrigel (3D) embedded bone marrow cells
into the insulin-producing cells. Further study revealed that exosome mimetics
induced the bone marrow cells into the form of islet-like clusters with enhanced
capillary networks and regulated the blood glucose levels for more than 60 days.
This study proves the ability of exosome mimetics derived from the naive cells in
regenerative medicine [66]. Even though exosomes related research attained leaps
of progression, the bio-distribution and fate of in vivo administrated exosomes
remain unclear, and it is very vital to understand the mechanism of action. To
address this issue, Hwang et al. [67] radiolabeled the macrophage-derived exosome-
mimetic nanovesicles and followed the biodistribution of mimetics after intrave-
nous injection into the living mice and further analyzed by SPECT/CT. Further
study confirmed that radiolabeled nanovesicles are being efficiently taken up by
liver cells. This technique will help in the understanding of the pharmacokinetics of
drug-loaded exosome based on localization and retention time. Exosome mimetics
are relatively new and emerging field with much potential for drug delivery and a
model system for studying the exosome biology.

5.5 Regulation of Exosome-Based Therapeutic Products

Cell/cell-derived product-based therapeutics hold immense possibilities in regenera-
tive medicine. At the same time, it has hidden danger of unauthorized/illegal use for
treating a broad spectrum of medical conditions in clinical settings around the world
without proper scientific and regulation authority backing. Recent breakthroughs in
the ESC, iPSC, and other adult stem cell fields led to the steep rise in “stem cell tour-
ism” providing unproven treatments with the false promise to the patients suffering
from incurable diseases. Moreover, the consequences of such treatments caused by
neoplastic differentiation of donor cells have been reported in recent times by the
scientific community [68—70]. After recognizing the potential harm caused by illegal
cellular therapies, outrage broke among different scientific organizations and societ-
ies in the world to curb the unregulated therapies offered by clinics [71-73]. Aptly,
the International Society for Stem Cell Research (ISSCR) published the regulations
for stem cell research and clinical translation in 2008, followed by an update in year
2016 (http://www.isscr.org’home/publications/2016-guidelines).

Since cell-derived products such as exosome-mediated therapeutics have been
already progressed from the basic research into clinical trials, it iS necessary to
develop the guidelines for the use of exosomes in clinical conditions [74]. Till date,
28 clinical trials related to exosome-based therapy or diagnosis have been enrolled
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in the clinical trials website (https://clinicaltrials.gov). Moreover, extracellular ves-
icles from MSCs are in phase 1 clinical trials for type 1 diabetes mellitus condition
(https://clinicaltrials.gov/ct2/show/NCT02138331) emphasizing the healing ability
of MSCs. The ISEV scientific society published the position paper regarding the
safety and guidelines for exploiting extracellular vesicles for clinical application in
2015 [75]. They have extensively discussed the regulatory aspects of pharmaceuti-
cal development such as a pharmaceutical category for EV-based drugs, require-
ments for manufacturing and safety of the EV-based products, quality control
requirements, characterization of EV sources, and techniques used for EV isolation
and storage. It is not possible to explain the regulatory aspects of the exosome in
detail; thus investigators involved in exosome-related research are highly encour-
aged to go through the ISEV position paper [74] and also a recent publication which
briefly discussed the regulatory aspects to be considered for exosome-based drug
formulations [76].

Conclusions

As discussed above, exosomes derived from human MSCs play a vital role in
repairing the injured tissues/organs and restoring their functions. Moreover,
there are several exosome products which deal with other aspects such as diag-
nosis, and drug delivery and is under preclinical/clinical development.
However, the low yield of purified exosomes is the major hurdle for successful
clinical applications. As of now, the exosome scientific community is working
on efficient techniques for isolation with better purity and higher quantity.
Currently used classical techniques failed to purify intact exosomes devoid of
protein aggregates. Therefore, an advanced, scalable isolation technique should
be established which causes minimal damage and maximum yield of func-
tional exosomes. Moreover, the knowledge about the biology, mechanisms of
action, structure and components of exosomes is still not clearly understood,
thus warranting further investigations. Even though recent studies have not
reported any adverse effects of exosomes in the pre-clinical animal models, the
safety of exosome-mediated therapy should be ensured before translation into
the clinics. In comparison to the well-established regulatory mechanism avail-
able for cell-based products, currently, limited clinically relevant guidelines
and regulatory road map exist for regulating stem cell-free products/exosome-
based therapeutics. Scientific communities should come forward in unison to
formulate a stringent measure of regulations to avoid controversies and harbor
the potential of exosomes in clinical applications.
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To D(e)rive or Reverse: The Challenge
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Abstract

The immense potential of pluripotent human stem cells in transforming modern
medicine is undeniable. Less than two decades since human embryonic stem cells
(hESCs) were first derived, several clinical trials with hESC derivatives are under-
way. Though human-induced pluripotent stem cell (iPSC) lines are accepted by a
wider community for use in research and therapy, issues of maintaining stem cell
potency and achieving efficient differentiation are common to hESCs and iPSCs.
While iPSCs are considered more accessible and acceptable, it is increasingly
clear that iPSCs will be of limited use in autologous therapy. Hence haplobanks
are being established for use in regenerative medicine. The additional cost of
reprogramming to and characterizing iPSCs compared to deriving hESCs brings
into question their suitability for regenerative applications in the Indian scenario,
given the limited facilities and resources available. Here we discuss the impor-
tance of making an informed choice for the Indian context.
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Abbreviations

ART Assisted reproductive technology
BAC Bacterial artificial chromosome
CAS9 CRISPR-associated protein 9

cGMP Current good manufacturing practices
ChIP Chromatin immunoprecipitation
CRISPR Clustered regularly interspaced short palindromic repeats
EBNA Epstein-Barr virus nuclear antigen
ESC Embryonic stem cells

ES-like Embryonic stem cell-like

HLA Human leukocyte antigen

iPSC Induced pluripotent stem cell

iPSCs Induced pluripotent stem cells

IVF In vitro fertilization

miRNA or mir MicroRNA

mRNA Messenger RNA

OKSM Oct3/Oct4, Sox2, KlIf4, and c-Myc
OriP Plasmid origin of replication

6.1 Introduction

The challenge of human pluripotent stem cells is the choice between moving for-
ward or in reverse. We have an abundant natural resource in human embryos — a
system that inherently knows how to make pluripotent cells. Is it then worth the time
and effort, not to mention money, required to reinvent the wheel for regenerative
purposes? While there are obvious reasons that support efforts to reprogram somatic
cells for research purposes, their utility for regenerative purposes, especially for
India, is not clear at this point.

6.2 Human Embryonic Stem Cells and Applications

Human embryonic stem cells (hESCs) were first derived in 1998 [1], and the first
clinical trials with hESC-derived progenitors were an unbelievable 10 years later
[2]. This was astounding not only because of the immense potential that stem cell-
derived therapies offered but also the speed with which the new science of human
pluripotent stem cells had progressed to clinical trials. This is reflected in the
intense research that is being carried out during the last two decades, to develop
hESC-based therapies (Fig. 6.1). In contrast, most drugs that make it to a compa-
rable stage of clinical application require investments possibly larger than that
required for hESCs and often much longer periods of time to understand and
manipulate the molecule of interest. In this regard, the fact that hESC research
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Fig. 6.1 Number of publications reporting (a) Application of hESCs in non-therapeutic/basic
research (total number = 5864). (b) Application of hESCs in therapeutic research (total num-
ber = 1409) between 1998 and 2016 (Source: Web of Science, retrieved July 10, 2016, from http://
apps.webofknowledge.com/; Key search terms for (a) human embryonic stem cells, not therapy
and (b) human embryonic stem cells and therapy; refined the search for article, correction, retrac-
tion, letter, and clinical trial)

was backed by a whole new community of talented scientists applying wisdom of
basic research helped.

6.3  Induced Pluripotent Stem Cells and Applications

The discovery of induced pluripotent stem cells (iPSCs) similarly gave birth to a
new breed of stem cell biologists, several times larger than the hESC community.
This discovery allowed new ideas, research models, and technology to flourish, and
no doubt has made stem cell research accessible to all in the scientific community.
This is reflected in the greatly increased number of iPSC-based publications com-
pared to hESC (Fig. 6.2). An appraisal of this field provides an idea of how easily
iPSC technology can be adapted and applied to different fields of biological research
(Fig. 6.3).

Being able to ride upon the shoulders of about a decade of hESC research,
iPSC research has progressed rapidly. Several new and improved methods of
reprogramming to pluripotency or to intermediates were discovered. This also
helped develop newer approaches such as directed differentiation. However, as
the discovery of iPSCs completes a decade, the road to the clinic seems longer.
Contrary to expectations, iPSCs have not made it to clinical trials faster than
hESCs. This is not to say that their potential is any less or that efforts are insuf-
ficient. In fact, the possibilities that open up when starting with somatic cells are
far more than with pluripotent stem cells. However, it must be acknowledged that
this is just the nature of the beast — it requires much more time and money than
hESC research to reach a comparable stage of having bona fide pluripotent cells.
This is reflected in the number of different analyses required for characterizing
iPSCs compared to hESCs (Table 6.1).
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Fig. 6.3 Overview of adaptation of (a) iPSCs in general and (b) only human iPSCs, across vari-
ous branches of biological research along with the number of publications during the last decade
(Source: J-Gate, retrieved July 16, 2016, from http://jgateplus.com/; Key search terms for (a)
induced pluripotent stem cells and (b) induced pluripotent stem cells and human)
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6.4 Comparison Between hESCs and iPSCs

hESC derivation involves harvesting naive pluripotent cells of the morula or inner
cell mass of the human blastocyst by one of several means and coaxing them to
grow in culture with chosen protocols [20, 21] (Fig. 6.4). Pluripotent cells that can
adapt to and grow in the in vitro conditions can easily be distinguished from

Derivation of human embryonic stem cell lines

| Obtain appropriate ethical clearances for the project |

/

| Informed consent from donors |

l Day

| Obtain spare (fresh/cryopreserved) human embryos |

'

| Culture embryos to appropriate stage |

!

| Expanded blastocyst |

Inner cell Large, Small, Indistinguishable

mass distinct distinct

l l

Zone removal by Partial-embryo Whole-embryo
immunosurgery culture culture

{

| Plate ICM and culture on feeder / matrix |

{

y
[ e e |

Fig. 6.4 Flowchart depicting key steps involved in and factors to be considered for derivation of
hESCs. The time taken for generating sufficient cells for cryopreservation and characterization is
21-30 days

Documentaion

Embryo quality

Derivation method
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| Derivation of human induced pluripotent stem cells (iPSCs) |

45-60 days

Obaining ethical
clearances for the project
and informed consent
from the donor

Culturing of cells;
Collection of biopsy; Generation of stocks if feasible;
Sterility and quality check modification of donor cells if
required (e.g. transformation)

Identifying appropriate
cellftissue source from
control/patient donors

Choice of reprogramming
method (viral/non viral;
integrating/non-integrating)

Stage 1

Introducting
Stage 2 reprogramming factors
into the target cells

Harvesting and
expanding of ES-like
colonies.

Repeating cycles of Changing culture
induction, if necessary conditions

Culturing of iPSCs and
cryopreservation

N

20-60 days
(depends of the method of iPSC production)

Stage 3 Characterization of iPSCs

Fig. 6.5 Schematic showing the general outline of deriving human iPSCs. Various methods of
characterizing iPSCs are given in Table 6.1

imposters on the basis of gene expression profiles and also by their ability to prolif-
erate indefinitely and capability of differentiating to derivatives of the three primary
germ layers in vitro or in vivo. In contrast, several factors are to be considered
before reprogramming of somatic cells to pluripotency. The source of cells is a pri-
mary concern, as availability, viability, and ease of accessing the tissue are impor-
tant factors in determining the success of the reprogramming protocol. Derivation
of somatic cells from the tissue, reprogramming, and characterizing them take lon-
ger compared to hESCs (Fig. 6.5).

Further, given the low efficiency of well-established reprogramming methods
available to date, cell number available and the ability to expand the desired primary
cells in culture are also major factors. Few recent reports of high-efficiency repro-
gramming are promising [22, 23]. However, it is not clear whether they apply to all
cell types and ages, indicating that several parameters of reprogramming remain to
be defined and optimized. Table 6.2 provides an overview of commonly used tech-
niques, cell source, and efficiency of reprogramming.

Progenitors or lineage-specific stem cells have shown better efficiency of repro-
gramming compared to terminally differentiated cells [38]. A couple of recent
reports of reprogramming with nearly 95-100% efficiency are promising [22, 23].
It is hoped that these methods could be generally applicable to other cell types.
Rapid reprogramming could also significantly reduce associated costs and make
iPSC a more feasible option for use in regenerative medicine. However, several
safety issues and the extra cost of additional characterization remain. It should also
be noted that only derivation methods for generating research grade hESC and iPSC
lines are compared here. cGMP level derivation for clinical or therapeutic applica-
tion requires several additional procedures and parameters like maintenance of
xeno-free conditions, regular checking for genomic alterations and pathogens, etc.
These are to be controlled in both cases — but especially for iPSC.

Additionally, the risk of undesired somatic mutations present in the donor cells
is a serious consideration. Choice of reprogramming method, genetic changes intro-
duced during reprogramming, and epigenetic inconsistencies are also of concern.



P. Wulligundam and M.S. Inamdar

106

OKIN-0 PUR ‘ZXOS ‘I “H100/€190 01 $13j21 NSO 10N

[TeI[O00 YN W
[L€] Ter0 00T 11 €0—C0/| SISe[qoIqy [eULIap J[Npe UBWIny + VNI PoYIoW 9a1j-0uax
S1SR[QOIqY uonedyIpow
[9¢] ‘T8 10 Suayy y-12 %€0°0 UDYSAI0J UIOQMAU UBWINE] urnpowoIqr,y XIIJBW JB[N][Q0BNXF
. 200c-rm [eLIORW
T[22 pue ‘Sgoe-HA VN
[€] e 10 1ysokIN 0¢ 700°0| [ewoxns asodipe pue sise[qoiqry Sp9¢-Tu SYNIMW | o oussoxe
[¥€] Te 10 Wy 9¢ 100°0 $Jse[qOoIqYy wiogmau uewny | surajold WSO surejold JO 9211
[€€] e 10 uorrepy 1T or'y sise[qoiqLy NSO | VNYW dn_yIus payipouwt YNY SPOYI_IA
al S00'0 |  S[[e9 Jea[onuouow duoq +H¢dD QZuI] + sI0108)
id! 600°0 $[192 pooiq [ereydirad +#¢dD eyeUBWEL
[z€] "Te 30 Suay) 14! 200 SI[29 pOO[q PIOd +HEAD JO XTI
|fTury
9000°0 pue & N-0 (sprwserd paseq-yNgd
[¥2] Te e nk 0c~ —€000°0 $1S[qOIQY UISAI0) UeWUNH TX0S 190 /~dHQ) s1030aA [ewosidy
|fTury
pue SoueN
[1€] 'Te 30 yuisieN _7~ S00°0 S[[90 [ewons asodipe uewny “7X0S ‘190 SI0JO9A S[OIIIIUTIA
[og] Te 1o eI vT—Cl TO'0 | SI[99 WIS [RWAYOUSSIUW UBWINE NSO OVIA3sId
[62] ‘T2 30 noyz 0€-¢C 20000 sise[qoiqLy NSO SOITAOUIPY
SOJIS XO[ YIIM
[8Z] 'Te 10 s1owog o€ C'T-1°0| $I1SL[QOIqQU [eULIOp UeWINY NPy NSO | J0109A [BIIAIUS[ 9)13SSBD 9[SUIS SpoauI
[L2] Te 10 YRS 0g~ 10 S[[90 I, urwiny Sune[noI) Suneidour
[92] "Te 30 ryesng 0¢ ! sise[qoiqly NSO SIIIA TEpUdS -UoON
[sz] '[e 10 1eIoyRy Ie< 0T 10 SISe[QOIqL WSO [BIIAUR] d[qlonpu] spoylowt
[¥T] Tere nx 0¢ 0'1-1°0 SIse[qoIqL JARY: (] [eaAnUaT | Supneidajuf
SQouAIRJy | (sAep) uononpoid (%) adKy 19D S10J08,] poyeuwr Surwrwressordoy
$DSJI Jo uonen( | Adudroyyg

SOIOUAIONJR Jqrssod ay) pue ‘sHSJT uewny Suronpoid 1oy pasn s10joey SurumreSordar ‘Spoyjow SNoLIeA JO ISTT  2°9 d|qeLl



6 To D(e)rive or Reverse: The Challenge and Choice of Pluripotent Stem Cells 107

Genetic changes can be easily detected by whole genome sequencing; however this is
expensive and time-consuming and requires access to bioinformatics expertise.
Epigenetic changes also could vary depending on tissue source, age of individual, etc.
Finally, multiple clones need to be tested, though some methods claim that testing a
single colony is sufficient.

6.5  Pluripotent Stem Cell Generation in the Indian Context

It must be mentioned that all of the above factors have been investigated thoroughly
by several eminent groups, and a few have been chosen and validated by consensus
from consortia or large groups like the International Stem Cell Initiative (ISCI).
However, these are feasible, both economically and technically, only in groups
endowed with significant funding and access to core facilities with all the required
expertise. Such environments are hard to come by in India. While serious and success-
ful efforts are underway to create the requisite setup for iPSC or somatic cell repro-
gramming such that it will be reliable and rapid. This promises to remain in the
domain of very few academic and commercial institutes in India, given the limited
expertise and funding available. It should be noted that the primary driving force for
these projects has been the desire to aid fundamental research and not toward using
iPS cells for therapy. This is rightly so, given the complexity of choosing tissue source,
additional time required as compared to hESC derivation, cost of reprogramming, and
cost of analysis.

6.6 Stem Cell Choice

The case of regenerative medicine is quite different from that of basic research. As
with hESCs, successfully reprogrammed somatic cells that are pluripotent, i.e.,
iPSCs, are also expected to be capable of generating all cell types. However, all
pluripotent human stem cells presently come with the challenge of being able to
differentiate them successfully and efficiently to the desired lineage and functional
cell type. Research conducted in the last 5 years showed that this may not be a con-
cern at least for deriving cardiomyocytes [39], erythroid cells [40], and neuronal
cells [41] to some extent. Further, it is not clear whether differentiation to a pure
population or a set of related or cooperating cell types is preferable for regenerative
purposes. In the case of iPSCs, this is further complicated by the fact that differen-
tiation ability to a given lineage is greatly influenced by the source of cells in terms
of tissue type, presence of stem cells or precursors, and age of the donor. Thus one
has to question whether the time and money spent making somatic cells pluripotent
are worth it when the starting material, i.e., pluripotent hESCs can be generated eas-
ily, quickly, efficiently, and cost-effectively.

A major application of iPSCs has been in research, especially the ability to gen-
erate patient-derived iPSCs that allow one to model various diseases in vitro. The
genetic changes that accompany the disease can thus be identified, analyzed, and



108 P. Wulligundam and M.S. Inamdar

corrected as desired. However the recent advent of quick, efficient, and low-cost
genome-editing technologies, especially the CRISPR/CASY system, allows multi-
ple desired changes to be incorporated in the human genome quickly and efficiently,
at a significantly lower cost [42—-45]. Thus the flexibility and reliability of human
genome manipulation are greatly increased and can be applied to several contexts.
While the risk of off-target changes and safety concerns regarding the cells gener-
ated still exist, these concern fewer parameters for hRESCs than for iPSCs. An impor-
tant consideration is that epigenetic changes accompanying the patient-generated
iPSCs may be missed. However, while these are likely to be important for research,
targeted genome manipulation of wild-type hESCs allows the researcher to control
changes and possibly deal with fewer unknowns than for iPSCs.

6.7 Haplobanks

Given the prohibitive cost of autologous iPSC generation for personalized regenera-
tive medicine, several efforts are underway to generate clinical grade iPSC banks
which represent all HLA types —a haplobank. HLA genes are inherited in a Mendelian
dominant manner, and in humans they are located on chromosome 6, an autosome.
Hence offspring are haplo-identical to their parents, and siblings may have 50% or
less similarity between each other [46]. This, along with conditions like ethnic diver-
sity, demographics, etc., allows one to arrive at the minimum number of homozygous
HLA-typed lines/donors for iPSC and hESC lines, so as to cover a given population
[47-49]. India has around 55 endogamous populations with a high level of genetic
and haplotype diversity, which is clustered mostly on the basis of ethnicity and lan-
guage [50]. In such a scenario, a single bank of cell lines cannot serve the needs of
the entire Indian population. Establishing multiple banks of HLA-typed ESCs or
HLA-typed iPSCs could be a feasible solution [46].

Conclusion
The need for haplobanks defeats the argument that iPSCs will allow autologous
stem cell therapy, as was hoped. In light of this, it is clear that a hESC haplobank
will be far more cost-effective and easier to generate. Surplus embryos are the
only source of hESCs. Depending on the quality of the embryos and age of the
female recipient, a maximum of two embryos are implanted in any of up to three
attempts [51]. The rest are frozen for future attempts or given for research pur-
pose. In 2014, it was reported that in India, nearly 85,000 ART (assisted reproduc-
tive technology) cycles are done per year. As per the above information, there can
exist a large surplus resource of spare embryos available for research [52].
Similarly, the large number of surplus embryos from in vitro fertilization (IVF)
available the world over should make this very feasible. It will also cut down the
cost of sample acquisition and donor trauma often experienced in obtaining cells
for reprogramming. However, the resistance to this route seems to be rooted in
religious opposition to hESC rather than scientific rationale. Fortunately, this is
not a bias that is promoted in India.
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Human Gingiva: A Promising Source
of Mesenchymal Stem Cells for Cell
Therapy and Regenerative Medicine
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Abstract

Mesenchymal stem cells (MSCs) are fibroblast-like cells, which exhibit self-
renewal, multilineage differentiation potential and immunomodulatory proper-
ties. MSCs, initially identified from bone marrow, started a new era in regenerative
medicine and have demonstrated the therapeutic potentials for the treatment of
important degenerative diseases of both animals and humans. The MSC-like cells
also exist in many other organs including different dental tissues. Dental tissue-
derived MSCs are homogenous, proliferate faster than bone marrow-derived
MSCs, and also differentiate into multiple cell types. Among the different dental
tissues, gingival tissue is easily accessible and MSCs are readily isolated, which
possess an excellent immunomodulatory and anti-inflammatory properties in both
in vitro and in vivo conditions. Gingival MSCs also have shown potent regenera-
tive capacity to other cell types in vivo. In this article, I will discuss about the
unique characteristics and regenerative potential of gingival tissue-derived MSCs.
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iPSCs Induced pluripotent stem cells
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PGE2 Prostaglandin E2 (PGE2)

TNF-o«  Tumor necrosis factor-o

7.1 Introduction

Stem cell biology and regenerative medicine is an emerging new area in medical
sciences. Adult stem cell therapy has less ethical concerns and is currently the most
promising approach for clinical applications. Mesenchymal stem cells (MSCs) orig-
inally identified from adult bone marrow possess self-renewal, multilineage differ-
entiation potential, and immunomodulatory properties and can regenerate or repair
various tissues in vivo [1]. The tissue-specific MSCs play an important role in tissue
development and their maintenance and repair. MSCs also have the ability to
migrate and home to the site of inflammation or injury after systemic transfusion;
and these properties make MSCs a promising source of cells for regenerative medi-
cine [2].

MSC niche is not restricted to bone marrow, and MSC-like cells have been found
in perinatal and adult tissues including adipose tissue, umbilical cord blood, amni-
otic fluid, placenta, and dental tissues [3-8]. In particular, different dental tissues
such as dental pulp [7], exfoliated deciduous teeth [9], periodontal ligament [10,
11], alveolar bone [12], and gingiva [7] have shown the presence of MSC-like cells.
The dental tissue-derived MSCs show all the minimal characteristics of human bone
marrow-derived MSCs, proposed by the International Society for Cellular Therapy.
Similar to bone marrow MSCs, the dental MSCs adhere strongly to the plastic (sub-
strate); express MSC-specific surface markers; differentiate into osteoblasts, adipo-
cytes, and chondrocytes in vitro; and show immunomodulatory properties both
in vitro and in vivo. Also, dental MSCs have shown regeneration potential in immu-
nocompromised mice to repair various degenerative tissues. MSCs isolated from
dental tissues are homogenous in population and proliferate faster than bone mar-
row MSCs [10]. Among the various dental tissues, gingiva is the most accessible
source of stem cells in the oral cavity. The ease of isolation, homogeneity, high
proliferation rate, and maintenance of stable stem cell-like phenotypes renders gin-
giva tissue as a promising alternative cell source for MSC-based therapies. Gingival
tissue, resected during general dental treatments, is a biomedical waste and is easily
an obtainable tissue, which can be easily harvested with minimal discomfort. The
fast tissue regeneration potential and scar-free wound healing ability after tissue
biopsy make gingiva an attractive target tissue for isolation of MSCs for both autol-
ogous and allogeneic stem cell therapy. In this article, I will present an overview of
the unique characteristics of gingival MSCs and their immunomodulatory proper-
ties and in vivo regenerative potential.
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7.2 Origin and Location of Gingiva

The human gingiva originates from neural crest after epithelial-mesenchymal tran-
sition. Gingiva is a pivotal component of the periodontal apparatus which functions
together with periodontal ligament, alveolar bone, and cementum, which surrounds
the teeth in their sockets in alveolar bone [13]. Gingiva represents a unique soft tis-
sue that serves as a biological barrier to cover the oral cavity side of the maxilla and
mandible and contain both neural crest and mesoderm-derived MSCs with distinc-
tive stem cell properties [14]. Gingiva is histologically composed of overlying epi-
thelial layer, basal layer, and underlying connective tissue layer. It plays an important
role in the maintenance of oral health and shows unique fetal-like scarless healing
after the wound.

7.3  Isolation and Growth Characteristics of Human Gingival
MSCs

MSC:s are isolated from connective tissue layer of gingiva after de-epithelialization
and by treatment with enzymatic solution containing collagenase and dispase.
Similar to bone marrow MSCs, gingival MSCs adhere tightly to substrate and show
spindle-shaped elongated fibroblast-like morphology. They are clonogenic and
form colony-forming unit fibroblasts in vitro [15-17]. Gingival MSCs are homog-
enous in culture, proliferate faster with well-spread morphology at each passage,
and do not show spontaneous differentiation even after several passages [17].
Similar to bone marrow MSCs, the gingival MSCs also show the strong expression
of MSC surface markers such as CD44, CD29, CD73, CD90, CD105, and Stro-1
and are negative for hematopoietic stem cell markers such as CD34, CD14, CD11b,
and CD45. These MSCs also show expression of human leukocyte antigen (HLA)-
ABC but not HLA-DR [15, 17, 18]. Gingival MSCs also show the expression of
embryonic stem cell markers Oct4 and Nanog, the neural stem cell marker nestin,
and the stage-specific embryonic antigen, SSEA-4 [15, 19].

When gingival MSCs are compared with bone marrow MSCs for morphology and
growth properties, gingival MSCs appear uniformly homogenous in early passages
than bone marrow MSCs [17]. These cells also retain spindle-shape morphology in
long-term cultures as compared to bone marrow MSCs, which show morphological
abnormalities such as cell enlargement and variation in shape and size. Gingival MSCs
have higher proliferation rate, more population doublings before entering in senes-
cence, and higher cell yield as compared to bone marrow MSCs [15, 17]. MSCs sur-
face expression was more stable in long-term cultures of gingival MSCs as compared
to bone marrow MSCs [17]. Gingival MSCs rapidly proliferate in vitro, maintain nor-
mal karyotype and telomerase activity in long-term cultures, and display stable pheno-
type [17, 20, 21]. Gingival MSCs also proliferate faster than periodontal ligament cells
[18, 22]. These cells are genetically stable following in vitro expansion and do not
generate tumors when implanted in immunocompromised mice [17, 22]. In another
report MSCs isolated from healthy and inflamed gingival tissues were compared for
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growth characteristics [23]. No difference in clonogenic and expression potential of
MSC was observed between these two cell populations. Although MSCs from inflamed
gingiva showed reduced population doublings, there was no difference in their osteo-
genic, adipogenic, and chondrogenic differentiation potentials in vitro and also in vivo
generation of connective tissue-like structures in immunocompromised mice. This sug-
gests that functionally equivalent MSCs also exist in discarded inflamed gingival
tissues.

7.4  Multipotent Differentiation Potential of Gingival MSCs

Similar to bone marrow MSCs, gingival MSCs have multipotent differentiation
potential in vitro and differentiate into cells of mesoderm lineage like osteoblasts,
adipocytes, and chondrocytes. Gingival MSCs differentiate into functional osteo-
blasts in presence of osteogenic media and show formation of mineralized bone
nodules or aggregates and show strong expression of osteoblast-specific genes such
as alkaline phosphatase, collagen type I, and osteocalcin and also express osteoblast-
specific transcription factors, RunX2 and osterix [15-17, 22, 24]. Upon adipogenic
induction these cells show formation of oil globules with accumulation of lipid-rich
vacuoles and expression of peroxisome proliferator-activated receptor y2, lipopro-
tein lipase, and fatty acid synthase genes [15-18, 22]. Gingival MSCs also differen-
tiate into chondrocytes when cultured as micromass pellet cultures in serum-free
chondrogenic media. The differentiated chondrocytes were located in lacunae, and
they synthesized proteoglycan-rich matrix and also expressed chondrocyte-specific
genes such as aggrecan, SOX9, and collagen type II [6-18, 22, 24].

Gingival MSCs also differentiate into endothelial cells and express CD31 when
cultured on fibronectin-coated slides [15]. These cells also differentiate into neural
cells and express glial fibrillary acidic protein, neurofilament 160/200, MAP2, nes-
tin, and PIII-tubulin [14, 15, 25]. Recently, it is reported that gingival MSCs differ-
entiate into synoviocytes and express cadherin-11 [24].

7.5 InVitro and In Vivo Inmunomodulatory Properties
of Gingival MSCs

Ex vivo expanded gingival MSCs have been shown to possess immunomodulatory
properties, and they specifically suppress the proliferation of peripheral blood
mononuclear cells (PBMCs) and induce the expression of many immunosuppres-
sive factors, such as interleukin-10 (IL-10), indoleamine 2,3-dioxygenase (IDO),
inducible nitric oxide synthase, and cyclooxygenase 2 upon stimulation with inflam-
matory cytokine, interferon-y [15]. These immunoregulatory properties of gingival
MSC:s are also demonstrated in vivo using cell-based therapy. Systemic infusion of
gingival MSCs in experimental colitis significantly decreases the symptoms such as
diarrhea and weight loss and ameliorates both clinical and histopathological sever-
ity of the colonic inflammation and also repairs the injured gastrointestinal mucosal
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tissues. These therapeutic effects of gingival MSCs are mediated, in part, by the
suppression of infiltration of inflammatory cells and inflammatory cytokines and
upregulation of anti-inflammatory cytokine IL-10 and also increase the infiltration
of regulatory T cells at the colonic sites [15].

Studies that used coculture model have demonstrated that gingival MSCs induce
macrophages to acquire an anti-inflammatory M2 phenotype characterized by
increased expression of mannose receptor (CD206) and secretary cytokines IL-10
and IL-6 and decreased production of tumor necrosis factor (TNF)-a and also
decrease the ability to induce Th-17 cell expansion [26]. These studies also demon-
strated that systemically infused gingival MSCs home to wound site in a tight spatial
interaction with host macrophages and promote them toward M2 polarization and
significantly enhance wound repair. These immunomodulatory and anti-inflammatory
activities of gingival MSCs and the suppression of TNFa secretion by macrophages
appear to correlate with impaired activation of NF-kBp50. These findings provide
the evidence that gingival MSCs are capable to elicit M2 polarization of macro-
phages, which might contribute to wound healing. It is also reported that systemic
delivery of gingival MSCs shows distinct immunoregulatory function in murine
model of skin allograft [19]. Moreover, in murine model of chemotherapy-induced
oral mucositis, three-dimensional spheroid gingival MSCs mitigate mucositis by
increasing the levels of reactive oxygen species, hypoxia-inducible factor-1 and
factor-2a,, and manganese superoxide dismutase, which correlates with improved
resistance to oxidative stress-induced apoptosis [27].

In another study, the intravenous injection of gingival MSCs in mouse model of
collagen-induced arthritis (CIA) significantly reduces the severity of arthritis,
decreases histopathological scores, reduces production of inflammatory cytokines
interferon-y and IL-17A, and also results in increase in number of functional Treg
cells in spleens and lymph nodes in arthritic mice. The role of gingival MSCs in
prevention of CIA was mostly dependent on CD39/CD73 signaling. The CD39/
CD73 inhibitor significantly reverses the protective effect of gingival MSCs on CIA
[28]. Furthermore, gingival MSCs along with other dental tissue-derived MSCs
were shown to possess potent immunomodulatory functions both in vitro and
in vivo; and the major mechanisms involved are the secretion of an array of soluble
factors such as prostaglandin E2 (PGE2), IDO, transforming growth factor-f, and
HLA-G5 and the interactions between MSCs and immune cells such as T cells, B
cells, macrophages, and dendritic cells [29].

Recently, it is reported that hypoxic stimulation promotes the immunomodula-
tory properties of human gingival MSCs by suppressing the proliferation of PBMCs
and increasing their apoptosis via expression of Fas ligand. Systemic infusion of
24 h hypoxia stimulated gingival MSCs significantly enhances skin wound repair by
decreasing TNFa and increasing IL-10. These finding suggests that hypoxia stimu-
lation may increase the immunomodulatory potential of MSCs for the future cell-
based therapies [30]. Most recently, it was reported that intravenous or local
injection of gingival MSCs effectively suppressed contact hypersensitivity and
decreased infiltration of inflammatory cells and various pro-inflammatory cytokines
and also upregulated Treg cells in allergen contact areas. PGE2-EP3 signaling



18 M.R. Wani

played an important role in the immunomodulatory function of gingival MSCs [31].
Thus, in addition to their well-established self-renewal and multipotent differentia-
tion properties, gingival MSCs also possess potent immunomodulatory and anti-
inflammatory properties both in vitro and in vivo. These properties of gingival
MSCs render them a promising cell source for allogeneic applications of cell-based
treatment in experimental inflammatory diseases and also for the treatment of vari-
ety of autoimmune and inflammation-related diseases.

7.6 InVivo Regeneration and Therapeutic Potential
of Gingival MSCs

7.6.1 Bone

Stem cell-scaffold constructs seem to hold promise for bone tissue engineering. The
subcutaneous implantation of ex vivo expanded human gingival MSCs seeded on
hydroxyapatite/tricalcium phosphate grafts induces ectopic bone formation in
immunocompromised mice. The regenerated bone tissue was highly mineralized
and showed strong expression of human osteocalcin [17]. When the enhanced green
fluorescent protein-labeled gingival MSCs seeded on type I collagen gel were
implanted into the mandibular defects and the critical-sized calvarial defects in rats,
significant improvements in healing of both defects were observed within 2 months.
The histomorphological analysis, fluorescence microscopy imaging, and immuno-
histochemical study showed the presence of green fluorescent protein-expressing
cells having human collagen type I and osteopontin expression, confirming that the
new bone regeneration was from the transplanted MSCs [32]. These results suggest
that MSCs derived from gingival tissue could be a novel source for stem cell-based
therapy in bone reconstruction in clinical applications.

In another report, 2-week-old cultures of fibrin-gingival MSC constructs
expressed osteogenic/cementogenic markers at the gene level. When these con-
structs were implanted between the skin and calvarial bones of immune-compromised
mice, mineralized masses that stained positively for collagen, Ca, cementum attach-
ment protein, cementum protein 1, bone sialoprotein, alkaline phosphatase, osteo-
calcin, amelogenin, and ameloblastin were formed, which exhibited certain
similarities to cementum and bone [33].

Recently, an injectable scaffold based on oxidized alginate microbeads, encapsu-
lated gingival MSCs, was developed to test the cell viability and osteogenic differen-
tiation of the stem cells both in vitro and in vivo [34]. These stem cell-based scaffolds
were implanted subcutaneously, and ectopic bone formation was analyzed by
microCT and histological analysis at 8-weeks postimplantation. It was observed that
the encapsulated stem cells remained viable after 4 weeks of culturing in osteogenic
media and apatitic mineral was deposited by the stem cells. It also formed ectopic
mineralized tissue inside and around the implanted microbeads containing the immo-
bilized stem cells. These results demonstrate that immobilization of gingival MSCs
in alginate microbeads provides a promising strategy for bone tissue engineering.
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More recently, it is reported that systemically infused gingival MSC via tail vein in
mice with mandibular bone defect homed to the defect site and also promoted new
bone generation [35]. All these results suggest that gingival MSCs contribute to new
bone formation, whether it is injected locally at the site of injury or injected
systemically.

7.6.2 Cartilage

Gingival fibroblasts can be induced into chondrogenic lineage as confirmed by the
expression of chondrogenesis-related genes at mRNA, as well as protein levels,
and the chondrogenic differentiation potential of these cells was enhanced simply
by culturing these cells on chitosan membranes [36]. Gingival fibroblasts plated
on three-dimensional collagen type II-hyaluronan composite scaffolds generated
neocartilage at 28 days [37]. Further studies are needed to evaluate the cartilage
regeneration ability of gingival MSCs in animal models of experimental
osteoarthritis.

7.6.3 Dental Tissues

The fibrin-human gingival MSC constructs implanted in the supracalvarial region of
immunocompromised mice develop into mineralized tissues that exhibited certain
similarities to cementum and bone [33]. Gingival MSCs also have the ability to dif-
ferentiate into odontogenic lineage as confirmed by expression of odontogenic
genes [38]. This report indicates the potential of gingival MSCs for regeneration of
dental structures.

7.6.4 Other Tissues

The potential of autologous gingival fibroblasts in combination with artificial graft is
reported for tracheal epithelial regeneration in rat tracheal defect [39]. In coculture
with epithelial cells, gingival fibroblasts stimulated epithelial cell differentiation and
reconstruction of a pseudostratified epithelium. When the bioengineered scaffolds
containing gingival fibroblast were implanted into rat tracheal defects, highly ciliated
tracheal epithelium was formed after 2 weeks of transplantation. Moreover, synergis-
tic effects on tracheal epithelial regeneration was seen when scaffold containing both
gingival fibroblasts and adipose-derived stem cells were implanted in rats.

Current approach of treating critical-size bone defect with cell-seeded scaffolds
fails due to the insufficient implant vascularization and integration into the host tis-
sues. It is recently reported that gingival fibroblasts seeded on silk fibroin scaffolds
possess an ability to attract blood vessels from the chicken embryo chorioallantoic
membrane [40]. Further studies are necessary to explore the potential of gingival
MSC:s for regeneration of nerve and other tissues.
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7.7  Use of Gingival MSCs for Generation of Induced
Pluripotent Stem Cells

For treatment of chronic degenerative diseases, large number of stem cells is needed.
Induced pluripotent stem cells (iPSCs) generated from gingival MSCs have the
potential for clinical applications. Primary mouse gingival MSCs were used for
generation of iPSCs via introduction of three factors, Oct3/4, Sox2, and Kif4. These
iPSCs exhibited morphology, growth characteristics, and gene expression like
embryonic stem cells and also showed derivation of cells and tissues representative
of all three germ layers by teratoma formation assay [41]. When transplanted into
blastocysts, the iPSCs gave rise to chimeras and contributed to the development of
the germ line. These results suggest that high-quality iPSCs can be generated from
gingival MSCs without Myc transduction making them a promising cell source for
future clinical applications. Also, the human gingival fibroblasts possess excellent
feeder capability and support iPSCs for more than 50 passages and sustain their
normal karyotype and pluripotency in long-term cultures [42]. This suggests that
gingival fibroblasts feeders are promising candidate for animal component-free
ex vivo expansion of autologous iPSCs for future therapeutic applications.
Additionally, human gingival fibroblasts are a valuable source for generating
integration-free iPSCs which possessed similar morphology and characteristics as
embryonic stem cells and expressed pluripotent markers including Oct4, Tral81,
Nanog, and SSEA-4 [43].

Conclusions

Adult stem cell-based therapies hold an enormous potential for improving the
life of patients suffering from various chronic and degenerative diseases. Bone
marrow MSC-based therapy faces many challenges such as limited cell yield and
non-availability of large number of clinical grade MSCs. MSCs isolated from
dental tissues are homogenous in population and proliferate faster than bone
marrow MSCs. Among the various dental tissues, the gingival tissue is easily
accessible from the oral cavity, and it is a readily available tissue at limited risk
to the patient or donor. The gingiva has an exceptional capacity for healing, and
the wounded gum heals perfectly in short time. The fast tissue regeneration after
tissue biopsy makes gingiva an attractive target for cell isolation for therapeutic
purposes. Gingival MSCs exhibit clonogenicity, self-renewal, and multipotent
differentiation capacities. It is also possible to generate sufficient number of
MSCs from one donor which may not be possible with one periodontal ligament
or deciduas teeth and other dental tissues. Thus, gingival tissue contains MSCs
with significant immunomodulatory properties and remarkable regenerative
potential, and it can be an attractive and very promising source for preparation of
clinical grade stem cells.
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Abstract

Genetic programmes that assist decision-making of a stem cell whether to self-
renew or to differentiate into a committed cell type have been studied extensively
over the past few decades. In the process of exploiting pluripotent nature of a
stem cell, researchers across the globe channelized their efforts to derive target
cell types from various sources of stem cells. The scientific know-how about cel-
lular fate determining transcription factors (TFs) and the huge amount of infor-
mation regarding the regulation of stem cell differentiation led researchers to
come up with a highly attractive concept of cellular reprogramming. About three
decades ago, a fascinating study revealed direct conversion of fibroblasts to mus-
cle cells by overexpressing merely one transcription factor ‘MyoD’. Towards
deciphering the underpinnings of cellular differentiation and self-renewal pro-
grammes, an offshoot of thought has emerged that advocated the interconversion
within the somatic cell state. In present days the task of direct conversion, more
popularly known as transdifferentiation, has been an excellent alternative
approach to generate the cells of interest for clinical purpose.
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Abbreviations

ALS Amyloid lateral sclerosis

CHF Congestive heart failure

GIP Glucose-dependent insulinotropic polypeptide
iMPCs  Induced multipotent progenitor cells

iPSCs  Inducing pluripotent stem cells

NPCs  Neuronal progenitor cells

TF Transcription factor

8.1 Introduction

Embryonic development is a highly orchestrated hierarchical process, where plu-
ripotent stem cells are committed to germ layer-specific lineages. However, the
potential to produce different cell types by stem cells is restricted progressively as
development proceeds. Neural stem cells or mesenchymal stem cells, which fall
much lower to the pluripotent cells in the cellular hierarchy, have more restricted
choice of cell fate. As compared to the concept of mammalian development, trans-
differentiation has gained much importance since it does not restrict the fate choice
of differentiated cells and, in turn, provides an alternative method to generate
desired cellular phenotype. Defined as a stable transition of a differentiated cell type
to another, transdifferentiation is considered as a subtype of metaplasia [1]. If one
has to produce a differentiated cell from another, it would have to first dedifferenti-
ate back to pluripotent state followed by redifferentiation to the desired phenotype.
However, transdifferentiation presents a path that is lineage instructive, bypassing
the inducing pluripotent stem cell (iPSC) road.

The concept of reprogramming ruled out the myth that cellular differentiation
and identity establishment are unidirectional, whereas transdifferentiation convinc-
ingly demonstrated that a stem cell prototype is not necessary for the interconnec-
tion between two cellular fates. The never-ending curiosity in the scientific
community led to the emergence of a thought process which suggested the possibil-
ity of directly converting a terminally differentiated cell to another of an entirely
distinct lineage. In spite of being a huge challenge, this task has been successfully
accomplished by Wernig and co-workers who provided a proof-of-concept study by
deriving functional neurons (ectodermal lineage) from fibroblasts (mesodermal lin-
eage) [2]. Here, we attempt to discuss the different approaches adopted by research-
ers to accomplish direct cellular fate change using transcription factors.

8.2 Transdifferentiation

Primarily defined as the interconversion of one differentiated cell to another, trans-
differentiation was first reported in 1895 by Wolff. He observed that during the
regeneration of crystalline lens, differentiated pigment epithelial cells undergo
transdifferentiation to form crystalline lens in newts. In laboratory,
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transdifferentiation became a possibility when Peter Jones in 1973, while investigat-
ing the effect of certain drugs on fibroblast, observed that azacytidine could produce
myocytes, adipocytes and chondrocytes [3]. Later in 1987, Davis et al. [4] proved
that ‘MyoD’ holds the key in transdifferentiating fibroblast into muscle cells.
Though there exist numerous reports on transdifferentiation, the underlying mecha-
nism still stays unclear.

This unconventional differentiation of a cell type to another could be of two vari-
ants. One accompanied by cell division and another without, where the former is
known as indirect transdifferentiation and the latter being direct. Indirect transdif-
ferentiation might involve a partial dedifferentiation into a common progenitor
stage, from where it would further proliferate, generating a completely different
phenotypic cells. In contrast, the direct differentiation, devoid of cell division, might
have to go through intermediate stages, expressing molecular signature of both cells
[5]. The exact mechanism of transdifferentiation is yet to be elucidated. The cells
may undergo phenotypic conversion through three possible mechanisms. First, the
cells undergoing transdifferentiation will dedifferentiate into an intermediate stage
with higher differentiation potential and redifferentiate to a new cell type. The cells
of the intermediate stage will display a higher but restricted potency rather than
iPSC [6]. This mechanism may or may not be coupled with cell division. For
instance, during crystalline lens regeneration of newts, pigment epithelial cells
would dedifferentiate to an intermediate state via inactive p53 and retinoblastoma
(RB) genes and further differentiate to crystalline lens cells [6]. The second mecha-
nism of transdifferentiation involves the mature cells that will convert directly into
another differentiated cell type without dedifferentiating into an intermediate state
[7]. This mode of transdifferentiation is mostly manipulated in the laboratory and
might have stages where the cells express molecular traits of both the phenotypes.
For example, the fate change of cardiac fibroblast into cardiomyocytes is catego-
rized into direct transdifferentiation [7]. The third form is widely observed when a
stem cell is transformed into another type, such as the conversion of bone marrow
(BM) stem cells into neurons [8] or osteogenic or chondrogenic lineages [9]. In
conclusion, transdifferentiation induces the fate conversion of terminally differenti-
ated cells of one lineage to the cells of another lineage.

Different strategies of transdifferentiation that followed include TFs, miRNA or
small molecules to achieve clinically relevant cell types as shown in Table 8.1. In
the following sections we will discuss on derivation of clinically relevant cell types
by transdifferentiation, also use of miRNA and small molecules for direct fate
change of cells have been mentioned.

8.3  Transdifferentiation: A Boon to Everlasting Demand
for Pancreatic p-Cells?

Diabetes is one of the most prevalent disorders, wherein p-cells are damaged lead-
ing to compromised insulin production. Hence, there is always a huge demand for
cell sources from which f-cells can be regenerated. Though pluripotent stem cells
are good sources for the derivation of f-cell, they come along with the disadvantage
of tumour formation and ethical concerns. Hence a transdifferentiation approach to
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regenerate f3-cells would be an ideal alternative. The mechanisms behind pancreatic
development have been studied well from the experiments consisting of generation
of mice deficient for a number of pancreatic TFs. Stage-specific expressions of
these TFs are the main driving force behind achieving different stages of cells dur-
ing pancreatic development [10]. Identifying these TFs has facilitated the inter-
derm and intra-derm conversion of adult cells towards insulin-secreting [-cells
(Table 8.1).

Table 8.1 The transdifferentiation strategies used to derive different clinically relevant pheno-
types like B-cells, hepatic cells, HSCs, blood cells, cardiac cells and neurons

Cocktail of TFs/miRNA/small

Species | Starting cell source molecules References
p-Cell-like cells
Mouse Hepatocytes NeuroD, Ngn3, MafA, Pax4 [11,12]
Or Pdxl, Pax4 and MafA
Hepatic oval cells Pdx-1, Ngn-3, MafA [13]
Intrahepatic biliary epithelial Pdx1, NeuroD or Pdx1/VP16 [15]
cells
Gallbladder epithelial cells Pdx1, Ngn3 and MafA [16]
(GBCs)
Intestine Pdxl1, Ngn3 and MafA [18]
Adult pancreatic ductal cells Fbw7stabilized Ngn3 [19]
Acinar cell Pdx1, Ngn3 and MafA or [14]
inhibition Notch signalling
pathway or suppression of Ptfla
Fibroblast Oct4, Sox2, Klf4 and c-Myc with [14]
beta cell differentiation media
Keratinocytes Pdxl1, Ngn3 and NeuroD [14]
Hepatocyte-like cells
Mouse | Fibroblasts Oct4, Sox2, Klf4, endoderm [21]
media and CHIR99021
Hnf4a, Foxal, Foxa2, [22, 23]
Foxa3/Hnfla, HnfA, and Hnfo6,
Atf5, Prox] and C/Ebp/mRNAs
encoding Hnf1A, FoxAl, FoxA3 or
Hnf4A
Inactivation of p/9ARF with [24]
overexpression of Gata4, HnflA,
FoxA3
Human | Bone marrow and umbilical cord | Hepatocyte growth factor and [26]
blood stem oncostatin M
Haematopoietic-like cells
Human | Fibroblast OCT4 (POUSFI) [37]
Mouse | Fibroblasts Gata2, Gfilb, cFos and Etv6/ [38]

SCL, LMO?2 and P53 or P16/P19
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Table 8.1 (continued)
Cocktail of TFs/miRNA/small
Species | Starting cell source molecules References
Cardiomyocyte-like cells
Mouse Fibroblasts Gata4, Mef2c and Tbx5/Gata4, [39]
Mef2c and Thx5 with
Mespl, Handl, Hand2, Nkx2.5,
Myocardin (Myocd), Smarcd3/
Gata6, Tbx3, Thx5 and Rxra
microRNAs (vvmiR-1, —133, [7]
-208, —499)/
Gata6, Tbx3, Thx5 and miR-133
Oct4, Sox2 and KlIf4 (OSK) with [40]
BMP4 and JAK inhibitor
Oct4, SB431542 [40]
CHIR99021,parnate and forskolin
Gata4, Hand2, Mef2c and Thx5 [41]
(GHMT)
Akt/protein kinase B
Species | Derived cell Starting cell Cocktail of transcription factors | Reference
type source
Neurons and sublineages
Mouse Neurons Astrocytes Pax6, Mashl, Ngn2 and DIx2 [27]
Neural Fibroblast Brn2, Ascll and Mytll (BAM) [2]
progenitors ZIC3, OCT4
Human | Neural Fibroblasts SOX2 and KLF [30]
progenitors-like
cells
Mouse | Neuronal and Fibroblasts Brn2, Sox2 and FoxG1 [31]
glial Brnd, Sox2, Myc, KIf4 and Tcf3 [32]
Human | Dopaminergic Fibroblasts BAM factors LMXIA and FOXA2 | [27]
neural-like cells
Striatal medium | Fibroblasts CTIP2 DLX1, DLX2, MYTIL [27]
spiny neurons miR-9/9-124
(Msns)
Rat and | Neuronal-like Mesenchymal | Notch intracellular domain, [27]
human | cells stem cells bFGEF, forskolin and ciliary
neurotrophic factor
Species | Derived cell Starting cell Cocktail of chemicals/small Reference
type source molecules
miRNAs
Human | Partial HeLa cell line | miRNA124 [46]
neuronal-like
cells
Human | Neurons Fibroblast miRNA9/124, BRN2 and MYT1 [47]
Mouse | Cardiac lineage | Fibroblast miRNA miR1, miR133, miR208 [71

cells

and miR499

(continued)
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Table 8.1 (continued)

Cocktail of TFs/miRNA/small

Species | Starting cell source molecules References
Small molecules
Mouse | Chemical- Somatic cells Valproic acid, CHIR99021, [49]
induced tranylcypromine, forskolin,
pluripotent 3-deazaneplanocin A, 2-methyl-
stem cells Shydroxytryptamine
(CiPSCs) hydrochloride, D4476
Neural Fibroblasts Valproic acid, CHIR99021 and [51]
progenitor Repsox (VCR)
Neurons Fibroblasts VCR plus forskolin, INK [51]

inhibitor SP600126, protein
kinase C inhibitor GO6983 and
ROCK inhibitor Y-27632

Neurons Fibroblasts Forskolin, ISX9, CHIR99021 and | [52]
I-BETI151

Human | Neurons Astroglial cells | LDN193189, SB431542, TTNPB, | [53]
Tzv, CHIR99021, VPA, DAPT,
SAG and Purmo

Mouse | Cardiomyocyte | Fibroblasts CHIR99021, Repsox, forskolin, [54]
valproic acid, parnate and TTNP

Owing to a common germ layer origin, developmentally related cells can be eas-
ily transdifferentiated into p-cells without major epigenomic changes. As the liver
and pancreas share a common progenitor during development, hepatic lineage cells
have become the first choice of cells to generate p-cells. Intravenous injection of
adenoviruses encoding Pdx/ and/or NeuroD, Ngn3, musculoaponeurotic fibrosar-
coma oncogene homolog A (MafA) and paired box4 (Pax4) genes successfully
transdifferentiated hepatocytes into p-like cells and reversed STZ-induced diabetes
in mice [11]. During the course of converting hepatic cells to insulin-producing
cells using PdxI, Pax4 and MafA, Berneman-Zeitouni et al. [12] demonstrated that
sequential supplementation of these factors, one day apart from each other, in a
hierarchical manner enhanced transdifferentiation potential of cells compared to
adding all the factors together. Although, transdifferentiation is not a developmen-
tally organized phenomenon, transcription factor-mediated transdifferentiation
from liver to pancreas showed that the event takes place in a progressive and hierar-
chical manner. Similar to hepatocytes, hepatic oval cells were also redirected to the
[-cell lineage by an appropriate combination of high extracellular glucose, specific
extracellular matrix proteins (laminin and fibronectin), cytokines (activin A) and
ectopic expression of transcription factors (Pdx1, Ngn3, MafA) [13]. Pdx]1 is the key
transcription factor which marks the appearance of pancreatic anlage during devel-
opment. Ectopic expression of Pdx/ induced both endocrine and exocrine pancre-
atic lineages within the liver; however, due to unrestricted expression of Pdx],
complication like fulminant hepatitis was reported in some in vivo studies [14].
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Enhanced expression of Ngn3, the gene responsible for endocrine fate determina-
tion, converted hepatic progenitors to neoislets which could reverse hyperglycemia
in a diabetic mice model [14]. Forced expression of critical transcription factors
involved in pancreatic development such as Pdxl, NeuroD or Pdx1/VPI6 in cul-
tured intrahepatic biliary epithelial cells induced p-cell phenotype expressing insu-
lin, Glut2 and prohormone convertase 1 and prohormone convertase 2 [15].
Similarly, overexpression of PdxI, Ngn3 and MafA in primary mouse gallbladder
epithelial cells (GBCs) converted them to pancreatic lineage and showed concomi-
tantly reduced expression of GBC-specific genes (Sox/7 and Hes1) [16].

Generating B-cells by direct conversion is not restricted only to hepatic lineage
cells. They can be even obtained from other endodermal lineages like gastrointes-
tinal cells. As enteroendocrine cells express some of the pancreatic genes like
Ngn3 and hormone incretins, they could be an ideal candidate for p-cell repro-
gramming. Transgenic mice expressing human insulin under the control of the
glucose-dependent insulinotropic polypeptide (GIP) promoter produced human
insulin specifically in gut K cells, and notably ablation of Foxo!l in enteroendo-
crine progenitors directly converted them to insulin-expressing cells [17]. Similar
to TF cocktail used in deriving f-cells from other endoderm lineages, transient
expression of Pdxl, Ngn3 and MafA in the intestine promoted the induction of
[-cell phenotype in the intestinal crypt. These derived insulin-secreting cells were
found to be glucose responsive and ameliorated STZ-induced hyperglycemia in
mice [18].

The other amenable route of transdifferentiation is the interconversion of other
pancreatic cells to p-cells. Lineage-tracing studies had shown that the newly formed
[-cells during pancreatic ductal ligation can be derived from ductal cells. In-depth
understanding of the mechanism showed inactivation of Fbhw7 ubiquitin ligase, a
tumour suppressor protein, in adult pancreatic ductal cells, stabilized Ngn3 and ini-
tiated conversion of ductal cells into predominantly islet -cells [19]. Transfection
of endocrine-specifying TFs Ngn3 or NeuroD in human primary duct cells initiated
f-cell programming [14]. Similarly, acinar cell compartment, the largest component
of pancreas, is induced to insulin-expressing cells by delivering adenovirus express-
ing Pdxl, Ngn3 and MafA. In vivo inhibition of the Notch signalling pathway or
suppression of Ptfla (a master regulator of acinar cell fate specification) induced
[-cell neogenesis from acinar cells. Among the endocrine cells, forced expression
of Pax4 in a-cells led to their conversion into insulin-secreting cells which normal-
ized the STZ-induced hyperglycemia [14]. Using transdifferentiation approach,
Herrera’s group showed that a-cells do not undergo senescence and can be con-
verted to insulin-producing cells from puberty through to adulthood, and prior to
puberty p-cell reconstitution occurs through reprogramming of somatostatin-
producing &-cells [20].

Transdifferentiation to pancreatic f-cells can also be obtained from cells like
skin fibroblasts that are distantly related to the pancreas. Katz et al. induced trans-
differentiation of adult human dermal fibroblasts into insulin- and glucagon-
expressing cells by using romidepsin histone deacetylase inhibitor and 5-azacytidine
(a DNA methyltransferase inhibitor), and the generated f-cells expressed islet
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factors like NeuroD, Isl1, glucose transporter 1 (Glutl) and Glut2. The above study
indicated that fibroblast can be converted to p-cell-like cells bypassing the iPSC
route. Later Li et al. [14] derived functional p-cells by a transient exposure of fibro-
blast to Yamanaka factors (Oct4, Sox2, KIf4 and c-Myc) and then followed by addi-
tion of small-molecule epigenetic modulators. Likewise, keratinocytes were also
converted into P-cell-like cells by adenoviral introduction of PdxI, Ngn3 and
NeuroD. Even MSCs from dental pulp stem cells were converted to pancreatic lin-
eage by ectopic expression of Pdx/ and Ngn3. All these studies suggest that a land-
scape of multiple intra-islet and inter-islet cells interconverted to p-cells offer new
perspectives for cellular therapy to cure diabetes.

8.4  Hepatocyte Generation: A Way to Regenerate Liver

Being the largest organ in the human body and executing multiple metabolic func-
tions, liver regeneration has gained a lot of attention. Due to the shortage of donors
for liver transplantation, hepatocytes derived from either differentiation of pluripo-
tent stem cells (PSCs) or transdifferentiation approach have been envisaged as an
alternate route for therapy (Fig. 8.1). Several reports are available describing differ-
ent ways of transdifferentiation to arrive at hepatocyte stage. Zhu et al. [21] gener-
ated an intermediate induced multipotent progenitor cells (iMPCs) from human
fibroblast, rather than iPSCs. These iMPCs were subsequently differentiated to
mature hepatocytes using small molecules. Interestingly, these hepatocytes possess
high proliferative potential compared to hepatocytes derived from iPSCs. In vivo
transplantation of iMPC-derived hepatocytes into an immune-deficient mouse of
human liver failure showed functional improvement without forming tumours [21].
After screening for twelve candidate factors, Sekiya et al. [22] identified three spe-
cific combinations of two transcription factors expressed in retroviral vectors, com-
prising Hnf4a along with either Foxal, Foxa2 or Foxa3, that could introduce hepatic
programme in a non-hepatic cell-like fibroblasts. After transplantation, these trans-
differentiated hepatocyte-like cells efficiently rescued the damage hepatic tissues
[22]. Later, to overcome the reliance on harmful retroviral vector in transdifferentia-
tion approach, hepatic induction was achieved with mRNAs encoding HNF1« along
with any two of the factors FOXA1, FOXA3, and HNF4a in the presence of hepatic
growth medium. Induced hepatocytes obtained by overexpressing cocktail of
hepatic fate conversion factors HNF1o, HNF4a and HNF-6 along with the matura-
tion factors ATFS, PROX and C/EBPa were found to express phase I and phase II
drug-metabolizing enzymes and functional cytochrome p450 members similar to
the primary human hepatocytes [23]. In an independent study, inactivation of
p19ARF along with overexpression of Gata4, Hnfla and Foxa3 enabled mouse
fibroblasts to become hepatocyte-like cells. These cells upon transplantation in
fumarylacetoacetate hydrolase-deficient (Fah™~) mice rescued about half of the
recipients from the lethal effect of the disease [24].

Apart from fibroblast as a starting cell, spermatogonial stem cells (SSCs), sub-
jected to transdifferentiation, led to the expression of hepatic stem cell markers,
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Fig.8.1 Modes of transdifferentiation. Illustration shows direct transdifferentiation devoid of cell
division and indirect transdifferentiation accompanied by dedifferentiation and cell division.
Immunostaining images represent human pluripotent stem cell-derived neurons, hepatocytes and
cardiomyocytes expressing MAP2, albumin and desmin, respectively

which later differentiated into mature hepatocytes with distinct morphological,
phenotypic and functional characteristics. Mechanistic studies further shed light
on the fact that activation of ERK1/2 and Smad2/3 signalling pathways and the
inactivation of cyclin A, cyclin B and cyclin E are necessary for such transdiffer-
entiation [25]. Studies also demonstrated the possibility of mesenchymal stem
cells (MSCs) to transdifferentiate into hepatocyte-like cells. Though clinically not
relevant, transdifferentiation of bone marrow cells to hepatic precursor cell type
was obtained by generating bone marrow cells and ES cell hybrids and differentiat-
ing them with external cues. Later it was shown that ectopic factors like hepatocyte
growth factor (HGF) and oncostatin M (OSM) can induce transdifferentiation of
human bone marrow and umbilical cord blood stem cells into functional hepato-
cyte-like cells in vitro. Similarly, placental derived MSCs were transdifferentiated
into hepatic lineage by hepatogenic medium containing HGF, FGF-4 and
DMSO. Overexpression of HNF4a improved the hepatic differentiation of human
bone marrow MSCs and considered to be an easy way of generating clinically use-
ful hepatocytes. Recent experiments suggested that epigenetic changes involving
histone H3 modifications at lysine 9, 14 and 27 are essential to achieve hepatic
cells [26]. Transdifferentiation approach for generating hepatocyte-like cells pro-
vides an invaluable source of mature hepatocytes for treating liver-related diseases
and drug screening.
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8.5 Fate Switching: Can the Neural Circuitry Be Turned On?

Due to ethical issues in obtaining human samples and since certain subpopulations
of neurons are species specific, rodent models may not rightly recapitulate human
disease progression. For example, amyloid lateral sclerosis (ALS) primarily affects
certain motor neurons but spares other subtypes, while in Parkinson’s disease dopa-
minergic neurons are severely affected. Because the above-mentioned disorders
typically appear in adult humans at ages far greater than the short life span in the
case of mouse, cellular phenotypes obtained in an animal model may differ signifi-
cantly from those in case of human diseases. Fortunately, recent advances in cellular
reprogramming offer a set of powerful methods to approach the problems of human
neurobiology and neurological diseases at the cellular and molecular levels.

More than two decades have been completed after the inception of an idea that
nonneural ectodermal cells can be used to reach neural lineage. However, a success-
ful transdifferentiation of neuronal cells took 10 years to become a reality. Functional
neurons were derived from cells of astrocytic origin by overexpressing essential
neural determinant genes like PAX6, MASHI, NGN2 and DLX2 [27]. Regulation of
cell fate decision and modification in epigenetic landscape has been revealed as the
underlying phenomenon leading to this intra-germ layer transdifferentiation. Later,
it opens up the possibility to derive neurons from other germ layer cells leading to
trans-germ layer transdifferentiation.

8.6  Trans-Germ Layer Fate Conversion: Breaking
the Boundaries to Generate Neurons

After achieving remarkable success in intra-germ layer transdifferentiation, the
scientific community moved on to break the conventional barriers and push the
cells of one germ layer towards the fate of another. The phenomenon essentially
comprises of two distinct events: one being the loss of inherent molecular mem-
ory and the other acquiring the signatures of an altogether different developmen-
tal mark. A milestone in the field of transdifferentiation was created when mouse
fibroblasts were converted to neuronal cells by Vierbuchen et al. in the year 2010
[28]. Later, Wapinski et al. [2] mechanistically analysed the conversion of murine
fibroblast into neural progenitors by overexpression of Brn2, Ascll and Mytll
(BAM factor). It was figured that Ascl/, a basic helix loop helix transcription
factor, follows a similar trend of binding in both murine fibroblast and neural
progenitors. This study showed that during the initial phases of transdifferentia-
tion, exogenous Asc// binds to its neural target genes in the fibroblast genome
facilitating the recruitment of other auxiliary factors to their target genes in the
late phases of conversion. Apparently, during the process of transdifferentiation,
Ascll act as an ‘on-target pioneer factor’ binding to its specific target genome
regardless of the fact that they are epigenetically silenced [29]. Hence Wapinski
et al. [2] hierarchically categorized the BAM factors involved in the neural
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transdifferentiation. It took only a couple of years to validate similar observation
demonstrating the generation of neurons from many different lineages [2]. With
time, robust protocols have been formulated that resulted in direct conversion of
fibroblasts to stable and functionally active neurons using a set of transcription
factors, namely, BRN2, MYTIL, ASCLI, OLIG2 and ZICI. Nonetheless, attempts
for direct conversion of matured neuron from other germ layer cells encountered
problems with respect to large-scale expansion [27]. Hence, researchers diverted
their efforts generating neural precursor cells by forced expression of lineage-
restricted factors. Our group while trying to study the role of transcription factor
ZIC3 in reprogramming of human fibroblasts in combination with OCT4, SOX2
and KLF4 colonies resembling neural progenitor-like identity was formed for a
very short duration rather than that found in case of iPSC. This study demon-
strated that lineage-restricted TF is sufficient to direct the conversion of nonneu-
ral cells to neural progenitor state without dedifferentiating them in to ESC state
[30]. Attempts were made to derive neural stem-like cells that can profusely
proliferate and give rise to both neuronal and glial (oligodendrocytes and astro-
cytes) cells by overexpressing combinations of Brn2, Sox2 and FoxGl1 [31] or
Brn4, Sox2, Myc, Kif4 and Tcf3 (Table 8.1) [32]. The above studies emphatically
proved that multi-lineage differentiation capacity can be achieved by forcefully
expression of TFs in fibroblasts.

As different neurodegenerative disorders demand specific human neuronal sub-
types, there is a rapid progress in direct reprogramming to enrich these cells.
Pfisterer et al. introduced dopaminergic neural phenotype in fibroblast by overex-
pressing the basic BAM factors with two more genes LMXIA and FOXA2 that are
involved in midbrain and dopamine neuron specification. Later, several studies
showed the derivation of multiple neuronal subtypes including motor neurons and
peripheral sensory neurons [27]. Schwann cells play an important role in the devel-
opment and homeostasis of peripheral nervous system and can help in understand-
ing the functions or pathophysiology in vitro and to develop cellular interaction
models to study disease mechanisms in coculture with neurons. Using multi-kinase
inhibitor, Thoma et al. [33] efficiently converted human fibroblasts into transient
neural precursors that were subsequently differentiated into Schwann cells.
Altogether, this study shows the proof of principle that conversion of fibroblasts
towards a neural cell fate can be achieved solely with small-molecule treatment.
Human fibroblasts were also converted to striatal medium spiny neurons (Msns),
using [miR-9/9-124] and transcription factors, namely, CTIP2, DLX1, DLX2 and
MYTIL [34]. Notch intracellular domain (NICD) overexpression along with treat-
ment with bFGEF, forskolin and CNTF was also shown to induce neuronal character
in both rat and human MSCs. To date, transdifferentiated neurons have been shown
to be derived from fibroblasts, hepatocytes, ESCs/iPSCs and astrocytes of both
mouse and human origin [27]. These studies culminate in derivation of either NPCs
or neurons directly from the nonneural cells with an advantage of no tumour forma-
tion, which will pave the way for future cell therapy in case of numerous neurode-
generative disorders.
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8.7 Haematopoiesis: A New Platform
for Transdifferentiation

Haematopoietic stem cells (HSCs) own the property of self-renewal and differen-
tiation into all the haematopoietic lineages. HSCs and their derivatives erythro-
cytes, platelets and granulocytes can be used for malignant and non-malignant
haematological disorders. Due to the difficulties posed by lack of adequate donors
and proper matching, the above treatments are being limited. Differentiation of
pluripotent stem cells to blood cells and other HSCs is challenged by non-avail-
ability of robust protocols. Therefore, transdifferentiation would be an attractive
strategy to generate patient-specific transplantable cells. Knockout studies have
shown that SCL, RUNXI, ERG and GATA2 are known to be involved in multiple
stages of haematopoietic specification, maturation and differentiation [35]. Initial
study showed that among various molecular players, two key transcription fac-
tors, GATAI and SPII, contribute to fate change of haematopoietic progenitor
cells to either erythrocytic or myeloid lineage, respectively. This study was fol-
lowed by many others, which deciphered the interconversion of B and T lympho-
cytes. For instance, overexpression of just a single leucine zipper transcription
factor CEBP-a led to the conversion of B and T lymphocyte progenitors to mac-
rophages, which were functional [1]. However, it is not necessary that a transcrip-
tion factor will bring about unidirectional transdifferentiation. Depending on the
sequence of action of transcription factors, synergism between them may change
the cell fate. Also, the starting cells, amenable to fate change, play a role in the
success of the process.

By overexpressing HSC-specific transcription factors, Riddell et al. [36] were
able to impart HSC characteristics in committed murine blood cells and endothelial
cells. A clinically relevant bottleneck to reprogramme blood cells is that the source
cells must be from a healthy donor without any diseases in haematopoietic system.
Therefore, a developmentally distinct cell-like fibroblast would be an ideal alterna-
tive for transdifferentiation into blood cells. Previous studies had shown during
reprogramming process OCT4 and human pan-haematopoietic marker CD45 to be
predominantly expressed in the human dermal fibroblasts. OCT2 (also called
POU2F?2) and OCT1 (also called POU2F1I) play a role in the development of lym-
phoid lineage; they are also known to bind similar DNA target motifs to OCT4.
Taking into account the above observation, a recent study reported the acquisition
of haematopoietic fate in fibroblasts upon overexpression of single factor OCT4.
Though these transdifferentiated cells exhibited myeloid and erythroid differentia-
tion potential, lymphoid progenitors could not be established in this system, and
long-term engraftment seemed difficult. In addition, use of a pluripotency factor
like OCT4 has a high probability of giving rise to partially reprogrammed cells that
could in turn lead to tumorigenicity [37]. Later, the expressions of GATA2, GFIIb,
ETV6 and c-FOS were shown to induce haemogenic programme in mouse fibro-
blasts. In addition to this, specific transcription factors like Sc/ and Lmo?2 facilitated
the transdifferentiation of mouse embryonic fibroblasts to blood cells, and loss of
p53 or pl6/p19 enhanced the efficiency of this process. Lack of these factors also
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led to the development of TER119* erythroid cells in reprogramming of haemato-
poietic progenitor cells [38]. The above transdifferentiation approaches that target
generation of haematopoietic lineages offer a great potential for the treatment of
haematologic and immunologic diseases.

8.8 Challenges in Cardiac Regeneration: Possible
Circumvention by Transdifferentiation?

The restricted therapeutic options for congestive heart failure (CHF) have led scientists
to look upon alternative regenerative treatment strategies including stem cell transplan-
tation. Among different approaches, lineage conversion of scar-associated fibroblasts
into functional myocardium has been considered the most efficient way. As the adult
heart consists majorly of fibroblasts, the cardiac fibroblasts are supposed to be an ideal
source of cells for reprogramming. A cocktail of three lineage-specific TFs Gata4,
Mef2c and Tbx5, popularly known as GMT, have been reported to induce fibroblasts to
cardiomyocytes. However, these minimal TFs were inefficient to produce functional
cardiomyocytes, lacking the expression of a-myosin heavy chain (a-MHC). Further to
obtain matured functional cardiomyocytes and improve reprogramming efficiency,
several additional TFs, such as Mespl, Handl, Hand2, Nkx2.5, myocardin (Myocd)
and Smarcd3, were used. Not only cardiomyocytes, Nam et al. [39] sought to repro-
gramme murine fibroblasts into cells of cardiac pacemaker identity by a combination
of Gata6, Tbx3, Tbx5 and Rxra. Interestingly, combination of GMT TFs along with
miRNAs like miR-133 formed cardiomyocyte phenotype from mouse embryonic
fibroblasts as early as day 10 of induction [7]. All these results univocally advocate this
alternative approach of generating the functional cardiomyocytes.

During iPSC generation, using Oct4 helps in opening of chromatin from a closed
conformation, and when this process is combined with lineage-specific soluble sig-
nals, there is a possibility of driving the somatic cells into lineage-specific cells but
without entering into pluripotent state. Efe et al. induced myocardium phenotype in
MEFs by retroviral overexpression of Oct4, Sox2 and Klf4 (OSK), combined with
cytokines BMP4 and small-molecule inhibitor of JAK pathway. The transduced car-
diomyocyte expressed Flkl, Nkx2.5 and Gata4 progenitor marker, which later
expressed matured marker TropT, a-MHC and a-actinin.

Interestingly, direct reprogramming of non-myocytes to functional cardiomyo-
cytes was also demonstrated successfully. Injection of retroviruses coding for GMT
alone or in combination with HAND? into infarcted myocardium showed newly
generated cardiomyocytes derived from resident cardiac fibroblasts. In vivo trans-
differentiated cardiomyocytes reduced fibrosis, and the ejection fraction was signifi-
cantly improved. Recently, Zhouh et al. [40] in an attempt to identify the involvement
of kinases in direct reprogramming of fibroblasts in the presence of Gata4, Hand?2,
Mef2c and Thx5 (GHMT)], out of 192 protein kinases, Akt/protein kinase B was
found to enhance the generation of cardiomyocytes. These findings that decipher
the importance of different TFs in direct reprogramming represent an important step
towards further application of this technique in cardiac-related disorders.
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8.9  Faulty Transdifferentiation

An intriguing possible explanation for faulty transdifferentiation could be cell
fusion and DNA transfer. Ying et al. in 2002, when cocultured neural stem cells
(NSC) and embryonic stem cells (ESC), isolated pluripotent stem cell population in
which NSC genome has been modified epigenetically. In addition, carrying trans-
genic marker and chromosome of the pluripotent ESC clearly explains that the
NSCs have neither transdifferentiated nor dedifferentiated but simply fused to form
a hybrid [41]. Similarly, it was also shown that murine bone marrow stem cells,
when cultured in the presence of IL3 with ESCs, spontaneously fuse to generate
hybrid cells exhibiting the properties of pluripotent cells. Dolado et al. in 2003 ele-
gantly demonstrated using Cre/lox system that BM-derived cells fused with neural
progenitors in vitro. Transplantation of BM-derived cells fuses with hepatocytes in
the liver, Purkinje neurons in the brain and cardiac muscles of the heart resulting in
the formation of multinucleated cells. Similar incidents would require a through
genetic screening to rule out faulty transdifferentiation [42].

During embryonic development, neural crest differentiation witnesses a transfor-
mation of ectoderm to mesoderm. Further, a well-established fact is that neural crest
cells can differentiate into bone, cartilage, muscle, melanocytes, fibroblasts and
even cells comprising the peripheral nervous system which exhibit the possibility of
in vivo transdifferentiation. In addition, neural stem cells of embryonic and adult
origin can generate neural crest, cartilage and muscles cells [43]. Developmental
biology of the kidney, for instance, shows mesodermal to ectodermal transforma-
tion generating kidney tubules. It is indeed possible that the mesodermal precursors
transform not only mesenchymal and haematopoietic but even ectodermal lineages.
However, there is a grey area regarding the classification of this kind of differentia-
tion during early development be it fits into the category of transdifferentiation.

The presence of contaminating population of undesired cells could be one of the
major limitations to prove transdifferentiation. One of the possible explanations for
the apparent neural transdifferentiation could be possibly due to contaminating neu-
ral crest and ventrally emigrating neural tube (VENT) cells. The presence of quies-
cent crest cells in the peripheral nerves and organs can display faulty
transdifferentiation producing neural and nonneural cells. In addition VENT cells
have also been shown to contribute to the development of bone, cartilage, cardiac
muscle and hepatocytes [44]. Another very likely contamination could be contrib-
uted by the circulating haematopoietic stem cells. Perhaps a more stringent selec-
tion of purified population of cells could exempt the faulty transdifferentiation.

8.10 MicroRNAs and Transdifferentiation

Cocktails of transcription factors are quite popular in lineage conversion of cells.
However, the non-coding microRNA has shown great promises in recent years.
Short segments of non-coding RNA ranging around 20-25 nucleotides, the miRNA
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inhibits the translation of mRNA by binding to their complementary parts. miRNA
binds to either the 3'UTR regions or occasionally the coding region of the
mRNA. Traditionally they are more concerned as stabilizers of cell fate or factors
that fine-tune differentiation across development. The true potential of miRNA was
only unveiled when it was found that they could act as a pioneer factor leading to
dedifferentiation or transdifferentiation. Experiments demonstrated by Lim et al. in
2005 opened the doors for the possibility that miRNAs could also act as master
regulators of transdifferentiation. Accordingly, miRNA124 was found to induce a
partial neuronal transition in HeLa cell line. However, they failed to produce neu-
rons that functionally or morphologically resemble to mature neurons [45].

Enforced expression of miRNA9 and miRNA 124 can generate neurons express-
ing MAP2 from human fibroblast. However, an additional induced expression of
transcription factors is required for the functional maturation. In a separate study,
miRNA124 enhanced transdifferentiation of fibroblasts into neurons using tran-
scription factors such as BRN2 and MYTI [46]. Besides neuronal transdifferentia-
tion, cardiac-enriched miRNA, miR1, miR133, miR208 and miR499 alone could
drive transdifferentiation towards cardiac lineage [7]. Surprisingly, the inhibition of
PTB, a miRNA regulator, alone can produce functionally matured neurons, empha-
sizing the role of miRNA in transdifferentiation [47].

Owing to the potential of miRNAs in transdifferentiation, it has been interesting
to look into the intricate mechanism by which they function. It is quite an irony
since miRNA inhibits the mRNA expression, and yet it finds a mechanism to acti-
vate a set of genes involved in transdifferentiation. For instance, in the transdiffer-
entiation of fibroblasts into neurons, the miRNA cocktail may downregulate the
expression of nonneuronal transcripts enabling a preferential differentiation towards
neuronal lineage. When coupled with a transcription factor that drives neuronal dif-
ferentiation would yield a more efficient transdifferentiation. Possibly the miRNA
could be involved in a signalling cascade that directly activates neural genes or sup-
presses the expression of a gene that is responsible for inhibiting the production of
a particular neural subtype.

In the context where a factor is expressed in both the initial and the terminal
phases of transdifferentiation, it is difficult to appreciate how elegantly miRNA is
involved in the transition of cell fates. For instance, BAF53a (Brg-/Brm-associated
factor) is expressed in both neuronal and the fibroblast cells. However, it has been
shown previously by the Crabtree’s lab that miR124 and miR9 target BAF53a as
neural progenitors differentiate into neurons [46]. Suppression of BAF53a leads to
the activation of BAF53b, an activator of neuronal lineage. Though a common set of
genes are expressed in the neurons and fibroblasts, it is the post-transcriptional
modification by miRNA that makes the difference.

Though the use of miRNA is not the ideal way for transdifferentiation of cells, it
enlightens some insight underlying molecular and cellular mechanisms involved in
the transition of the cell fate. However, it has its own way to work when compared
to transcription factors. miRNAs being smaller in size have the advantage of getting
easily transfected into the cells compared to that of transcription factors which are
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bulky. miRNAs can stably exist in the cytoplasm, while transcription factor or the
DNA if transferred could alter the genome. Though not very efficient, it can natu-
rally transfer from one cell to another, and hence it is only adequate to understand
the mechanism by which it aided the transition from ESCs to neural crest cells,
thereby facilitating drug screening studies [48].

8.11 Use of Small Molecules: Preventing Genome Intrusion

So far, we have illustrated various study outcomes that reveal the importance of core
transcription factors or miRNA for transdifferentiation. However, the discussion
would be incomplete without shedding light on a few highly acclaimed small mol-
ecules which have contributed to different cell fate conversions. Use of small mol-
ecules to achieve cell fate conversion is one of the integration-free approaches
which gains an advantage over classical method of transcription factor supplemen-
tation because the latter is associated with an unavoidable risk of foreign DNA
integration into the host system. In fact, 5-azacytidine is one of the first small mol-
ecules that showed to induce muscle, adipocyte and chondroblast conversion of
mesenchymal cells. After a long journey of transcription factor-based cellular
reprogramming for transdifferentiation, very recently the scientific focus has shifted
back to the use of small molecules to achieve the same goals.

It was only in 2013 that the concept of chemical reprogramming was unravelled
by Deng and co-workers [49], who demonstrated that a cocktail of valproic acid,
CHIR99021, tranylcypromine, forskolin, 3-deazaneplanocin A, 2-methyl-5-
hydroxytryptamine hydrochloride and D4476 facilitates reprogramming of mouse
somatic cells. The resultant cells were named as chemical-induced pluripotent stem
cells (CiPSCs). Later, scientists extrapolated the same strategy and successfully
transdifferentiated mouse and human somatic cells to functional neurons. Neural
progenitor cells were generated by growing mouse fibroblasts and human urinary
cells under physiological hypoxic conditions, along with the administration of small
molecules—valproic acid, CHIR99021 and Repsox (VCR). Being inhibitors of his-
tone deacetylase (HDAC), GSK3p and TGFp, respectively, these molecules alter the
pathways and epigenetic landscape of the source cells, pushing them towards an
altogether unrelated identity [50]. The same research group went ahead to show that
along with VCR, when neuronal differentiation-promoting chemicals like forskolin,
JNK inhibitor SP600126, protein kinase C inhibitor G06983 and ROCK inhibitor
Y-27632 were added, the mouse fibroblasts acquired a neuronal cell fate, bypassing
the progenitor stage [51].

A successful transdifferentiation is a resultant of two independent phenom-
ena—one being the erasure of former epigenetic and molecular memory of the
source cell and the other being the establishment of a new identity of a bona fide
transdifferentiated cell with desirable functionality and stability. Small molecules
have the capability to facilitate both the aforementioned processes and thus enjoy
the merit of being the choice of scientific studies. Also, be the transcription factors
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or small molecules, usage of a minimal number of factors is always preferred
owing to reduced intervention. Hence, research group attempted for the goal of
transdifferentiation by using a combination of just four small molecules, namely,
forskolin, ISX9, CHIR99021 and I-BETI151, which robustly converted mouse
fibroblasts to active neurons [52].

Fate conversions between glial and neuronal lineages have gained attention
more recently. Transcription factors like NeuroDI have been shown to convert
astroglial cells to neuronal identity. The complex cocktail of small molecules con-
sisting of LDN193189, SB431542, TTNPB, Tzv, CHIR99021, VPA, DAPT, SAG
and Purmo serves the similar purpose and resulted in the formation of functional
neurons within 8—10 days of treatment. These studies also give a deeper insight
into the molecular mechanisms governing the cell fate decisions. For instance, the
abovesaid cocktail, featuring BMP/TGFf, GSK3 f and Notch inhibitors, indi-
cated that these pathways play the crucial role in switching human astrocytes to
neuronal-like fate [53]. Apart from neurons, functional cardiomyocytes have also
been generated using small molecules. miRNA-based transdifferentiation to car-
diomyocytes has been complemented with addition of JAK inhibitor I which
increased the efficiency of fate switching. OCT4, along with small molecules
SB431542 (ALK4/5/7 inhibitor), CHIR99021 (GSK3 inhibitor), parnate (LSD1/
KDM1 inhibitor) and forskolin (adenylyl cyclase activator) (SCPF), induced car-
diomyocyte phenotype in MEFs [54].

Complementary to the conventional strategies of using TFs, small molecules that
target specific signalling pathways or epigenetic stream offer a friendly tool to
induce lineage differentiation and facilitate direct reprogramming to derive specific
lineage cells of interest. This method could be utilized for basic research, disease
modelling, drug screening and for cell-based therapy.

Conclusions

In mammals, different cell types work independently with an assigned specific
function. If the whole body is envisioned as an engine, the different cell types are
considered as different parts of the engine working synchronously to keep the
engine working uninterrupted. As long as different compartments of the engine
are working efficiently, the body functions smoothly. However, if any part of the
engine is incapacitated, there is always an alternative compartment to take over
that particular function, and this process which dictates the overall integrity of
the body engine is nothing but ‘transdifferentiation’. Previous notion that adult
differentiated cells are sitting passively and stably at the end of a multi-lineage
valley has been ruled out by the radical change in our understanding of three
important processes: dedifferentiation, transdifferentiation and reprogramming.
Although, the goal of replacing lost or damaged cells could be accomplished
using either of the processes, the major predicament is to identify the most effi-
cient approach with limited drawbacks. Dedifferentiation and reprogramming
events visit a stem cell fate before landing on to the desired cellular phenotype.
Derivation of the desired cell type from stem cell fate commands efficient dif-
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ferentiation protocol, without which there is a high probability of developing
tumours. Although iPSC reprogramming approach has rejuvenated the alterna-
tive means of generating cells of interest, considering few of the limitations
fraught with reprogramming to iPSC stage, direct transdifferentiation has become
the better choice in few incidences.

Having achieved a remarkable leap in the field of direct cell fate conversion,
researchers are now moving towards formulation of transcription factor and
miRNA cocktails with minimal number of candidate molecules to arrive at cells of
interest. As application to human health and lifestyle betterment is the ultimate
goal of all research endeavours, the field of transdifferentiation now needs com-
plete shift in the paradigm towards bringing these complex cell fate switching con-
cepts from bench to bedside.
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Abstract

A big divide was created among stem cell biologists because of ethical issues
associated with human embryonic stem cells (hESCs). Adult stem cell biologists
observed that hematopoietic stem cells (HSCs) in bone marrow possess consid-
erable “plasticity” and could replace hESCs for regenerative medicine. As a
result several trials using autologous bone marrow cells were undertaken; how-
ever, no significant success has been achieved. Human ESCs and induced plu-
ripotent stem (iPS) cells tend to give rise to fetal counterparts and thus may not
regenerate adult organs efficiently. Another novel population of pluripotent stem
cells has also been reported in various adult organs termed very small embryonic-
like stem cells (VSELs). VSELs explain the “plasticity” of the bone marrow/cord
blood cells and have better differentiation potential compared to ES/iPS cells.
Present article is an effort to make a case for pluripotent VSELSs as ideal stem cell
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Abbreviations

BMT Bone marrow transplantation

hES Human embryonic stem
HLA Human leukocyte antigen
IVF In vitro fertilization

IVM In vitro maturation

PGC Primordial germ cell

TNC Total nucleated cells

UCB Umbilical cord blood

VSELs Very small embryonic-like stem cells

9.1 Introduction

Stem cells have excited scientists and also raised expectations of the common man
because of their potential for regenerative medicine. Several other groups including
the regulators, funding agencies, sponsors, and the industry have also become
involved over time. Both scientists and the common man were equally excited and
hopeful of the potential of stem cells to regenerate diseased organs when Thomson’s
group successfully cultured and expanded human embryonic stem cells (hESCs)
from inner cell mass of “spare” human embryos and showed their ability to divide
in large numbers and also differentiate into three germ layers in vitro [1]. Mouse
embryonic stem cells were first reported in 1981 [2], and in 2007, Nobel Prize was
awarded to Mario R. Capecchi, Martin J. Evans, and Oliver Smithies for their dis-
covery of introducing specific gene modifications in mice by using embryonic stem
cells. Over time, bone marrow transplantation has become a method of standard
care to treat blood disorders, but derivation of hESCs was significant as it provided
an opportunity to treat a wide variety of age-related diseases since these stem cells
have the ability to differentiate into 200 odd cell types existing in human. However,
hESCs are associated with ethical concerns, risk of teratoma formation, and immune
rejection. A group in Japan reported a technology to reprogram adult skin fibro-
blasts to embryonic state to generate “induced pluripotent stem cells (iPSCs).”
These cells could be derived from autologous source, and thus no ethical or immu-
nological issues were associated with them. In 2012, Nobel Prize in Physiology or
Medicine was shared by Prof J. B. Gourdon and Shinya Yamanaka for successful
reprogramming of mature somatic cells to pluripotent state, similar to embryonic
cells [3-5]. Simultaneously a huge debate was initiated between believers of embry-
onic and adult stem cells on ethical grounds. It was suggested that adult hematopoi-
etic stem cells in the bone marrow have similar “plasticity” like ESCs and could be
used to treat any disease affecting adults [6]. As a result, there was a surge of clinical
trials wherein autologous bone marrow stem cells were administered in various
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indications including cardiac, spinal cord injury, diabetes, stroke, etc. Preclinical
trials have also been initiated using ES/iPS cells [7, 8]. Working guidelines were
published by International Society for Stem Cell Research (ISSCR) considering the
optimistic speculation, existing hype, and premature clinical use of stem cells [9—
12]. It is now time to sit and retrospect as to where are we today, what was achieved,
and where we failed.

9.2 Adult Stem Cells

Bone marrow transplantation (BMT) was renamed as “stem cell therapy,” and it
was postulated that besides treating blood disorders, BM cells (mononuclear cells,
MNCs) could cure different age-related diseases in non-hematopoietic tissues due
to the inherent plasticity of HSCs present among MNCs. BM stem cells differenti-
ate into all mature blood cells, marrow stromal cells, and also into non-hematopoietic
cells of ectodermal, mesodermal, and endodermal tissues including liver, pancreas,
kidney, lung, skin, gastrointestinal tract, heart, skeletal muscles, and neural tissues
[6, 13, 14]. Various mechanisms were proposed to explain the plasticity
including:

1. Existence of pluripotent stem cell population in bone marrow.

2. Committed HSCs can transdifferentiate implying they can change gene expres-
sion pattern to a completely different cell type either directly (direct transition
into different cell types) or indirectly (first dedifferentiate and then mature along
a differentiation path).

3. Fusion of bone marrow cells with a non-hematopoietic cell to form a hetero-
karyon and thus the gene expression pattern of original BM cell gets converted
according to the fusion partner [15, 16].

Armed with this understanding and since BMT is safe, several trials were initi-
ated using autologous bone marrow as well as cord blood nucleated cells in patients
with varied clinical conditions like myocardial infarction, spine injury, neuronal
degeneration, etc. However, different reports suggest that these studies have failed
to deliver the results as per expectation [17, 18], and BMT has been recommended
only to treat hematological disorders. This conclusion was not surprising and in
agreement with a recent review describing HSCs are committed progenitors [19]
and thus cannot exhibit any “plasticity,” i.e., transdifferentiate into cells of other
lineages.

Besides using autologous BM cells for therapy, a huge spurt in banking cord
blood in public and private banks has also been observed. Compared to BM or
peripheral blood which requires a high degree of HLA match, umbilical cord
blood (UCB) requires only four of six HLA class I and II molecules to be
matched because its T cells are low and lymphocytes are of relatively naive
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status. There exists a competition between public and private cord blood banks.
Aggressive marketing and misinformation motivate individuals to bank in pri-
vate cord blood banks for self-use later on, whereas the truth is that self-use is
highly unlikely and samples will potentially be wasted. Also when the newborn
reaches adulthood, a single unit of cord blood will not suffice. Rao et al. [20]
earlier at National Center for Regenerative Medicine (NCRM), NIH, USA, had
proposed to generate iPSCs from cord blood cells to meet the huge unmet
demand of hematopoietic cells for blood disorders; however, NCRM with 400
iPSC lines was closed down in 2014 [21]. Ivan Rich at HemoGenix, USA, has
a very different view on UCB banking. He recently concluded that the UCB
used for stem cell transplant is neither tested for stem cell content nor its qual-
ity/potency. Only cord blood samples with high total nucleated cells (TNC)
fraction/count get preserved in public banks. Clinicians also prefer a unit with
high TNC for transplantation. However, one needs to understand that TNC does
not help to engraft—it is only a small subpopulation of stem cells that will
ultimately get engrafted. These stem cells need to be evaluated carefully in the
samples being banked. At present, the main focus is to enrich CD34* hemato-
poietic stem cells [22-24], enumerate their viable count, and determine CFU
potential prior to banking. It has been reported that almost 24% of UCB trans-
plantation succumb to graft failure [25]. Private cord blood banking is banned
in Italy and France, and similar banks in USA and UK cannot counsel and
inform couples that cryopreserved cord blood will provide “life insurance”.
Solves et al. [26] associated with a cord blood bank in Spain mentions that
initial depletion of RBCs for volume reduction is advantageous. Umbilical
cord blood has been proposed to be one of the sources of pluripotent stem cells
[27]. Three independent publications have provided the interesting perspec-
tives of cord blood banking that are worth reading [28-30]. Various groups
reported that cord blood cell therapy in juvenile diabetes type 1 failed to allevi-
ate the diabetic symptoms [31, 32].

Takahashi et al. [33] reported that CD34CD133* stem cells are more primitive
than CD34* HSCs. Do we have a consensus on what cord blood cells to bank CD34*
HSCs or more primitive phenotype? A novel population of pluripotent stem cells
termed very small embryonic-like stem cells (VSELs) with a surface phenotype of
Lin"CD45CD133*CD34 have been detected and well characterized in UCB as well
as in bone marrow. It is apparent that these stem cells are currently neither trans-
planted during autologous BM therapy nor being banked in umbilical cord
blood banks. These cells are most likely discarded during processing of bone mar-
row or cord blood [34]. Loss of VSELs presumably explain why beneficial out-
comes of clinical trials using autologous cells were low (Fig. 9.1). On the basis of
nuclear OCT-4 expression in pluripotent stem cells, PGCs and VSELs and cytoplas-
mic in adult tissue committed stem cells including HSCs [35-37] and non-effective
outcome of several autologus bone marrow cell trials globally suggests that HSCs
are committed progenitors which can differentiate into blood cells but lack regen-
erative potential.
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Fig. 9.1 Comparing the sources and potential of pluripotent stem cells (ES/iPS), adult stem
cells (HSCs and MSCs), and pluripotent stem cells in adult organs (VSELs). Upper panel
shows the source of various types of stem cells. Pluripotent stem cells include ES cells which are
derived from the inner cell mass of blastocyst stage embryo; iPS cells can be obtained from adult
somatic cells by reprogramming. Fetal and adult stem cells are obtained from fetal organs/umbili-
cal cord blood and adult bone marrow which are rich sources of CD34* HSCs and mesenchymal
cells. Pluripotent stem cells exist in all adult organs as very small embryonic-like stem cells
(VSELSs) and are proposed to be equivalent to primordial germ cells which survive in few numbers
in adult organs throughout life as a backup source of adult stem cells. Lower panel compares the
potential of HSCs/VSELS/ES/iPS cells. In the hematopoietic system, the mesenchymal stem cells
give rise to mesodermal cell types like chondrocytes, adipocytes, and osteoblasts, whereas the
HSC:s differentiate into various blood cells. In addition, several reports suggested that HSCs could
differentiate into various cell types either by transdifferentiation or “cell fusion.” Compared to ES/
iPS cells which are differentiated in a Petri dish into “progenitors” and then transplanted with a
hope that they will mature in vivo and replace diseased organs; VSELSs exist in adult tissues and
survive stress and can bring about endogenous regeneration. They are autologous, having no risk
of teratoma formation, regenerate more efficiently as they are relatively mature (derived from
epiblast stage embryo) compared to ES cells, and thus are possibly the best source for stem cells
for regenerative medicine

9.3  Fetal Stem Cells

Fetal tissue obtained from aborted fetuses has been used in the past since the 1930s for
raising vaccines for polio, chicken pox, rubella, and shingles and also to derive cell
lines which has greatly benefitted us [38]. A single vial of fetal liver from the abortus
can fetch up to $24,000. At present there is a great interest to collect fetal organs as a
source of progenitor cells for regenerative medicine; however, there use remains
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controversial as they may lead to tumor formation. Fetal stem cells have been used for
treatment of Parkinson’s disease, spinal cord injury, and diabetes and for research on
infectious disease like HIV/AIDS and also to understand development. Fetus is being
looked upon as a possible source of progenitors from several organs like heart, liver,
lung, kidney, etc. for regenerative medicine, skin for antiaging creams, and cells from
the scalp to treat baldness. My perspective toward clinical use of fetal tissue is in
agreement with Lee’s group that it is unnecessary and not justified [39]. The reasoning
to use fetal tissue for regenerative medicine is that just like umbilical cord blood, fetal
tissues may also be a richer source of stem cells and progenitors for regenerative
medicine and may be better than adult bone marrow. Recently, there was a lot of dis-
cussion on the use of fetal tissue for research [40, 41]. The use of fetal tissue as a
source of tissue-specific progenitors for regenerative medicine is not justified as “tis-
sue-specific progenitors” and stem cells (VSELs) exist in adult organs also (Fig. 9.1).

9.4  Pluripotent Stem Cells

Pluripotent stem cells are 'blank’ stem cells with ability to differentiate into multiple
cell types. These include embryonic stem cells, primordial germ cells (PGCs) and
induced pluripotent stem cells. During development, pluripotency gets restricted to
the PGCs in epiblast stage embryo; PGCs later differentiate into germ cells and get
completely eliminated. However, evidence is accumulating to suggest that PGCs
survive in adult organs throughout life as VSELs. Embryonic and induced pluripo-
tent stem cells have huge potential for regenerative medicine but the field has not
progressed as it was hoped. Surprisingly these stem cells tend to differentiate into
their fetal counterparts [42—44], and whether they will efficiently regenerate adult
organs remains to be documented. An update on use of pluripotent stem cells in the
clinics has been published [7, 8].

9.4.1 Embryonic Stem Cells

Pluripotent embryonic stem cells are derived from the inner cell mass of spare human
embryos on a feeder support, and once a cell line is derived, the cells have huge poten-
tial to proliferate “immortal” genetically stable, and have the ability to differentiate
into 200 cell types. Human ES cells have high risk of teratoma formation and are
prone to immune rejection; besides there has been ethical issues against the use of
these cells. ES cells have been differentiated into various organoids including a “mini-
brain” in a Petri dish to study early embryonic development [42]. ES cell-derived
progenitors on transplantation in animal models remain functional for a short dura-
tion, and I will discuss the differentiation potential of ES cells further with the help of
two examples (1) making gametes and (2) making pancreatic progenitors.

9.4.1.1 Differentiation of ES Cells into Gametes
Despite more than 30 years of research on mouse ES cells and 18 years of research
on human ES cells, it has been proved difficult to convert them into “artificial”
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gametes for use to treat infertile couples [45]. Formation of gametes from ES cells
is a two-step process: first, differentiating into PGC-like cells (PGC-LCs), which
in the second step are easily differentiated into gametes. Recently, Irie et al. [46]
reported that SOX-2 gene is involved to induce hES cells into PGC-LCs, whereas
Blimp1 helps specification of mouse ES cells into PGC-LCs [47]. ES cells are
obtained from the inner cell mass of blastocyst stage, whereas PGCs appear as a
small cluster of cells in the yolk sac at epiblast stage of embryo (Fig. 9.1). PGCs
migrate along the dorsal mesentery to the gonadal ridge where they differentiate
into germ cells. During the migration, the PGCs undergo epigenetic modification
which includes global epigenetic reprogramming through chromatin remodeling
(decrease in H3K9me?2 and increase in H3K27me3), erasure of genomic imprints
and extensive DNA demethylation (70% initial methylation decreases to 14% and
7% of CpGs in male and female gonocytes by E13.5), and X chromosome reacti-
vation in female germ cells [48]. It has proved very difficult to mimic these epi-
genetic changes in vitro. Hayashi et al. [49] successfully developed a culture
system in which the mouse PGC specification was achieved and PGC-LCs were
obtained successfully via epiblast-like stem cells (EpiLCs) starting with mouse
ES/iPS cells. These male PGC-LCs were then transplanted into the seminiferous
tubules of genetically infertile mice (W/Wv) and contributed to spermatogenesis.
Sperm were functional, fertilized eggs and resulted in fertile offspring. However,
two out of three well-characterized iPS cell lines produced aberrant PGC-LCs
which rather than producing sperm resulted in teratomas on transplantation,
whereas all the three mouse ES cell lines gave rise to fully potent PGC-LCs.
Similarly, female PGC-LCs were aggregated with gonadal somatic cells and
transplanted in ovarian bursa of immunocompromised mice. These experiments
have resulted in healthy fertile offspring after IVM and IVF followed by trans-
plantation in surrogate mice; however, half of the eggs were epigenetically defec-
tive which resulted in fertilized eggs with three pronuclei due to a defect in
extrusion of the second polar body [50].

9.4.1.2 Differentiation of ES Cells into Pancreatic Progenitors

Several groups have obtained pancreatic progenitors from human ES cells (obtain-
ing fully differentiated islet is highly inefficient) which on transplantation in dia-
betic mice became matured, and after 6-8 weeks human insulin was detected in
circulation of diabetic mice. The blood glucose levels in the diabetic mice got
regulated; however, these beneficial effects did not last long. The outcome of the
clinical trial in the USA using human ES cell-derived progenitors is eagerly
awaited [51]. We recently observed that the pancreatic progenitors obtained after
16 days of differentiation of human ES cells in vitro possess a very distinct profile
of epigenetic modifiers and pancreatic markers compared to adult human pan-
creas [52, 53].

Thus based on the two examples cited above, it is indeed essential to realize that
human ES cells are possibly falling short because of their epigenetic status which
does not allow them to properly differentiate and mature into adult counterparts.
Moreover, because of associated ethical and immune issues, the scientific commu-
nity has become more inclined toward iPS cells.
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9.4.2 Induced Pluripotent Stem Cells

These cells were first reported in 2006 [5] using Yamanaka factors which included
Oct4, c-Myc, Sox2, and KIf4 transcription factors. The initial derivation of iPS cells
remains inefficient (0.01-0.1%); however, several recent advances have made their
derivation safe and their potential almost equivalent to human ES cells [20]. These
stem cells have no associated ethical or immunological issues as they are derived
from autologous somatic cells. Earlier it was reported that the somatic cells get
reprogrammed to variable state, and recently it has been shown that aged fibroblasts
harbor mitochondrial DNA mutations [54]. These mutations greatly reduce regen-
erative potential of iPS cells [55]. The results imply that besides nuclear DNA muta-
tions, iPS cells should also be screened for mitochondrial DNA mutations. Since
each iPS cell line is created from a different cell, each line may contain different
kind of mitochondrial DNA mutations and mutation load. The much-hyped first
clinical trial using iPS cells by Masayo Takahashi in Japan to treat macular degen-
eration of retina was put on hold after injecting autologus iPS cells in one patient for
safety reasons [56, 57]. Her husband Jun Takahashi is now planning to use alloge-
neic iPS cells to treat Parkinson’s disease [58]. Thus well-characterized allogeneic
iPS cells are being proposed to be used for trials. However, these cells and the
patient will face immune rejection and immunosuppression-associated problems,
like ES cells. Thus, it may not be easy to raise autologous iPS cells for use, and
HLA-homozygous iPS cell bank is being established in Japan for clinical purposes
[59, 60]. Definitely, iPS cells (harboring both nuclear and mitochondrial DNA
mutations) should not be used to produce gametes for the aged couples for attaining
biological parenthood.

9.4.3 Very Small Embryonic-Like Stem Cells (VSELs)

There is another class of stem cells, which need attention and were recently reviewed
[36]. These are pluripotent stem cells in adult organs and termed as very small
embryonic-like stem cells (VSELs). These stem cells were first reported in 2006 by
Ratajczak’s group from Louisville, USA, and are considered to be equivalent to
primordial germ cells (PGCs) which rather than migrating only to the gonadal ridge
(as per currently held view) actually migrate and settle in all adult organs during
early development and survive throughout life of an individual. It is believed that
VSELs serve as a backup pool of cells and give rise to tissue-specific progenitors
which divide rapidly and differentiate to maintain homeostasis. These cells are
mobilized under stress/disease condition and have been studied in various adult
organs and reviewed by various groups [61-65].

VSELs are pluripotent, based on the expression of pluripotent markers and their
ability to differentiate into all three germ layer lineages and also germ cells.
However, they neither divide readily in culture nor form teratoma in mouse. We
recently proposed that the definition of pluripotency needs to be revised to accom-
modate VSELSs [66]. The inability to divide readily in vitro and survive all kinds of
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insults including radiotherapy and chemotherapy is due to their quiescent nature;
the underlying mechanisms have been studied in detail [67, 68]. It has been reported
that VSELs express a unique DNA methylation pattern including hypomethylation/
erasure of imprints in paternally methylated and hyper-methylation of imprints in
maternally methylated ones. These epigenetic characteristics upregulate H19 and
Cdknlc and repress Igf2 and Rasgrfl. These changes lead to downregulation of
IGF-2, IGF-IR, and Rasgrf] genes which promote insulin/IGF signaling cascade
and upregulation of the non-signaling /GF-2R. Thus, VSELs employ the repro-
gramming of /IGF-2, Rasgrfl, and IGF-2R loci to protect themselves from auto-
crine/paracrine stimulation by insulin, IGF-1 and IGF-2. In addition, these cells also
have reduced expression of several genes involving mitogenic growth factor signal-
ing pathways, e.g., ERK1/MAPK, TRKA, and PI3K.

Our group has gradually shifted focus from human ES cells to VSELSs as choice
stem cells to exploit their regenerative potential. We have derived two well-
characterized human ES cell lines (KIND-1 and KIND-2) [69], studied their pro-
pensity to differentiate into various lineages [70], and then differentiated them into
tripotent cardiac [71] and pancreatic [53] progenitors. Epigenetic profiles of the
pancreatic progenitors were studied and compared to adult pancreas; a distinct dif-
ference was found to exist between them [53, 54]. Simultaneously, we initiated
studies on VSELs and showed the presence of diploid, viable, and non-apoptotic
VSELS in human cord blood [34, 72] and also in mouse bone marrow [73]. Further,
we reported that VSELs exist in adult mammalian ovary [74, 75] and testis [76, 77].
Interestingly we observed that VSELSs survive chemotherapy due to their quiescent
nature and have the ability to participate in the regeneration of the bone marrow
[73], testis [76-78], and also ovary [74]. Moreover, being equivalent to PGCs,
VSELs spontaneously differentiate into sperm [79] and oocytes [74, 75]. We also
reported that VSELs efficiently differentiate into both pancreatic islets and acinar
cells after partial pancreatectomy [80]. In agreement with published literature [81,
82], we recently showed that “purified” population of VSELs from chemoablated
mouse bone marrow have the ability to differentiate into cells of all three embryonic
lineages, germ cells and give rise to CD45* hematopoietic cells [37].

To conclude, VSELs are primitive and pluripotent stem cells present in various
adult organs. Being equivalent to PGCs, they spontaneously differentiate into gam-
etes and have huge translational potential for oncofertility [83, 84] and also effi-
ciently regenerate adult pancreas [79]. They also have no associated risk of teratoma
formation or immune rejection. Most importantly they can bring about endogenous
regeneration compared to ES/iPS cells, which involve cell replacement (Fig. 9.1).
These CD34 stem cells possibly were not transplanted in the trials of autologous
bone marrow cells, as they are unknowingly discarded during density gradient cen-
trifugation step. At present, umbilical cord blood banking does not focus on these
cells (most likely discarded during volume reduction step) rather banks CD34*
cells. VSELSs are indeed a sub-population of stem cells present in the hematopoietic
system responsible for plasticity. As discussed earlier, these cells are discarded out
of the ignorance leading to under-expected results of the clinical trials. The special
features of VSELSs are depicted in Fig. 9.1 and Table 9.1.
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Table 9.1 Unique properties of very small embryonic-like stem cells

* Work done in our lab [72] has enumerated 3—5 pm VSELSs with a surface phenotype of LIN/

CD133+/CD45- and HSCs (LIN-/CD133+/CD45+) in cord blood
Number of VSELs in 10 ml of cord blood: 3083 + 770
Number of HSCs in 10 ml of cord blood: 5373 + 213

Flow cytometry was used to show that density gradient centrifugation of cord blood results in

VSELS settling down with red blood cells (RBCs), whereas HSCs get enriched in the “bufty

coat.” Percentage of VSELs and HSCs in cord blood after Ficoll-Hypaque centrifugation are

mentioned below
LIN-/CD45-/CD34+ VSELs in RBCs pellet are 0.073 + 0.008% and in the “bufty coat”
0.031 + 0.009%
LIN-/CD45+/CD34+ HSCs in RBCs pellet are 0.005 + 0.003% and in the buffy coat are
0.156 + 0.026%

* VSELs express pluripotent (nuclear OCT-4, NANOG, SOX2) and primordial germ cells
(STELLA, FRAGILIS) specific markers. In comparison, various tissue-specific progenitors
including HSCs, SSCs, and OSCs express cytoplasmic OCT-4. This pattern of OCT-4
staining suggests that progenitors arise by differentiation of pluripotent VSELSs [36].

* Both mouse and human VSELSs can differentiate into three germ layers [80, 81] and recently
confirmed by our group [37]. Also they spontaneously form gametes [74, 75, 78]

* Unlike ES cells, VSELs do not divide readily in culture, nor form teratoma when injected in
mice, nor get involved in chimera formation. Mother Nature has endowed this unique
property to VSELSs — otherwise our body will erupt tumors all the time. The mechanism for
their quiescence is very well worked out [67]

* VSELs in cord blood are viable, diploid, pluripotent, and quiescent cells by studying and
comparing them with embryonic stem cells [72]

* VSELs undergo asymmetric cell divisions to self-renew and give rise to slightly bigger
progenitors that undergo symmetric cell divisions and clonal expansion and further
differentiation into tissue-specific cell types. A proper balance of these events is crucial to
maintain tissue homeostasis. Uncontrolled proliferation of VSELSs results in cancer [36, 85]

« Several studies have shown that VSELSs are mobilized into circulation under stress
conditions. They go to the site of injury to restore homeostasis [36].

* Major critique is that VSELs exist in very few numbers. Whether they have any significance
at all! VSELSs give rise to progenitors which divide rapidly and undergo clonal expansion.
Thus, one division of VSEL in vivo can result in thousands of progenitors. Relative
quiescence of VSELSs should not bother stem cell biologists. Rather we need to develop
strategies how to manipulate them to our advantage.

It has been shown that bone marrow VSELSs differentiate into lung epithelial cells through
fusion independent process [86].
* Studies showing regenerative potential of VSELs
Myocardial infarct [87]
Mice were used to create a reperfusion model of myocardial infarct (MI).
Intramyocardial injection of vehicle (n=11), 1 x 10°HSCs (n=13) or 1 x 10* (n = 14)
VSELSs 48 hours after MI. At 35 days after MI, VSEL-treated mice exhibited improved
global and regional left ventricular (LV) systolic function (echocardiography) and
attenuated myocyte hypertrophy in surviving tissue (histology and echocardiography)
compared with vehicle-treated controls. Group transplanted HSCs failed to confer any
functional or structural benefits
Bone regeneration [88]
Freshly isolated VSELSs can differentiate into multiple mesenchymal lineages in vivo
and can generate osseous tissues at low density
Myocardial infarct [89]
VSELSs expanded in culture and exposed to a combination of cardiomyogenic growth
factors and cytokines retain the ability to alleviate left ventricular dysfunction and
remodeling after reperfused MI
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Table 9.1 (continued)

Chemoablated testis [76]
VSELSs that survive busulfan treatment can regenerate chemoablated mouse testis when
healthy niche (Sertoli or bone marrow mesenchymal) cells are transplanted via
intertubular route into the testicular interstitium

Hepatic regeneration [90]
Transplantation of VSELs directly into carbon tetrachloride-induced injured livers
significantly reduced serum ALT and AST levels

Critical limb ischemia [91]

Human VSELs triggered post-ischemic revascularization in immunodeficient mice
(p < 0.05 vs PBS treatment) and acquire an endothelial phenotype both in vitro and
in vivo on Matrigel implants
Pancreas regeneration [83]
Demonstrated mobilization of endogenous VSELs and their participation in pancreas
regeneration (both acinar and islet cells) after partial pancreatectomy in adult mice
Diabetes [92]
Intravenously implanted VSELSs migrate into the pancreas and survive in the diabetic
pancreas. Blood glucose decreased significantly for at least 2 months and the weights
of mice increased gradually
Recolonization of bone marrow [73]
Showed involvement of VSELSs in regeneration of mouse bone marrow after
S-fluorouracil treatment. VSELs/HSCs were further activated by FSH treatment, and
the process of recolonization was augmented by 72 h

9.5 What Needs to Be Done Now?

Firstly, the scientific community needs to acknowledge the presence of VSELSs in adult
tissue. VSELs remained elusive over decades because of their very small size, rare
occurrence, and relatively inactive status under steady-state conditions and due to their
inability to divide in vitro and form teratoma or integrate in a developing embryo.
However, on the basis of present literature, it is difficult to ignore these cells as a poten-
tial candidate for regenerative medicine. Strategies need to be developed to exploit their
full potential.

Since this chapter was prepared, few advances occured in the field that need
special mention (i) Autologus adipose-tissue derived stem cells therapy caused
blindness in few patients [93] (ii) A review on VSELs discussed their link with
PGCs and that they differentiate into MSCs, HSCs and EPCs in hematopoietic sys-
tem [94] (iii) A group from Italy confirmed presence of pluripotent stem cells in
cord blood using a novel approach [95] (iv) Benefits and risks associated with stem
cells therapy were discussed by a group from US FDA [96].

Conclusions

Bone marrow-HSCs are not pluripotent, so they cannot give rise to committed
cells beyond their lineage. This biological property of HSCs is probably one of
the reasons why autologous bone marrow stem cell trials could not show much
encouraging results. Similarly, cord blood CD34* cells can reconstitute bone
marrow to give rise blood cells but does not have regenerative potential. The use
of fetal stem cells for regenerative applications has been restricted due to ethical
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and scientific reasons. The clinical applicability of pluripotent ES/iPS cells in
different regenerative applications requires more studies. We propose that VSELs
are present in most of the adult organs besides tissue-specific adult stem cells and
may have a role in the endogenous regeneration of damaged organs. VSELs that
are present in crude bone marrow or cord blood are invariably discarded, during
standard processing of gradient centrifugation or gravity sedimentation. Being
pluripotent and present in adult organs, VSELs may be an ideal candidate for
endogenous regeneration of tissues compared to cell-based therapies to replace
diseased cells.

Acknowledgments I acknowledge all my students who worked on embryonic stem cells (Neeraj,
Punam, Harsha, Prasad, and Varsha) and very small embryonic-like stem cells (Seema, Poorna,
Ambreen, Hiren, Sandhya, Pranesh, Sona) along with two postdoctoral fellows Kalpana and
Ranita. It would not be possible to write this chapter without their painstaking and dedicated
research. Neeraj is no longer with us; I dedicate this article to him.

References

10.

11.

12.

14.

15.

. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic stem cell lines derived from

human blastocysts. Science. 1998;282:1145-7.

. Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells from mouse embryos.

Nature. 1981;292:154-6.

. Gurdon JB. The cloning of a frog. Development. 2013;140:2446-8.
. Gurdon JB. The developmental capacity of nuclei taken from intestinal epithelium cells of

feeding tadpoles. ] Embryol Exp Morphol. 1962;10:622-40.

. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and

adult fibroblast cultures by defined factors. Cell. 2006;126:663-76.

. Catacchio I, Berardi S, Reale A, et al. Evidence for bone marrow adult stem cell plasticity:

properties, molecular mechanisms, negative aspects, and clinical applications of hematopoi-
etic and mesenchymal stem cells transdifferentiation. Stem Cells Int. 2013;2013:589139.

. Trounson A, DeWitt ND. Pluripotent stem cells progressing to the clinic. Nat Rev Mol Cell

Biol. 2016;17:194-200.

. llic D, Devito L, Miere C, et al. Human embryonic and induced pluripotent stem cells in clini-

cal trials. Br Med Bull. 2015;116:19-27.

. Caulfield T, Sipp D, Murry CE, et al. Scientific Community- Confronting stem cell hype.

Science. 2016;352:776-7.

Daley GQ, Hyun I, Apperley JF, et al. Setting global standards for stem cell research and clini-
cal translation: the 2016 ISSCR guidelines. Stem Cell Rep. 2016;6(6):787-97.

Kimmelman J, Heslop HE, Sugarman J, et al. New ISSCR guidelines: clinical translation of
stem cell research. Lancet. 2016;pii:S0140-6736(16)30390-7.

Kimmelman J, Hyun I, Benvenisty N, et al. Policy: global standards for stem-cell research.
Nature. 2016;533:311-3.

. Ogawa M, La Rue AC, Mehrotra M. Plasticity of hematopoietic stem cells. Best Pract Res Clin

Haematol. 2015;28:73-80.

Ogawa M, LaRue AC, Mehrotra M. Hematopoietic stem cells are pluripotent and not just
“hematopoietic”. Blood Cells Mol Dis. 2013;51:3-8.

Herzog EL, Chai L, Krause DS. Plasticity of marrow-derived stem cells. Blood.
2003;102:3483-93.

. Grove JE, Bruscia E, Krause DS. Plasticity of bone marrow-derived stem cells. Stem Cells.

2004;22:487-500.



Ideal Stem Cell Candidate for Regenerative Medicine 155

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

. Harris DT. Cord blood stem cells: worth the investment. Nat Rev Cancer. 2008;8:823.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Nair V, Madan H, Sofat S, et al. Efficacy of stem cell in improvement of left ventricular func-
tion in acute myocardial infarction—MI3 trial. Indian J Med Res. 2015;142:165-74.

Nowbar AN, Mielewczik M, Karavassilis M, et al. Discrepancies in autologous bone marrow
stem cell trials and enhancement of ejection fraction (DAMASCENE): weighted regression
and meta-analysis. BMJ. 2014;348:22688.

Bhartiya D. Stem cells, progenitors & regenerative medicine: a retrospection. Indian J Med
Res. 2015;141:154-61.

Rao M, Ahrlund-Richter L, Kaufman DS. Concise review: cord blood banking, transplantation
and induced pluripotent stem cell: success and opportunities. Stem Cells. 2012;30:55-60.
Reardon S. NIH stem-cell programme closes. Nature. 2014;508:157.

IJZ F, de Abreu AC, Greco OT, et al. Measurement and feasibility of hematopoietic stem cell
was greater for equipment in closed system. Int J Dev Res. 2013;3:33-9.

Rich IN. Improving quality and potency testing for umbilical cord blood: a new perspective.
Stem Cells Transl Med. 2015;4:967-73.

Patterson J, Moore CH, Palser E, et al. Detecting primitive hematopoietic stem cells in total
nucleated and mononuclear cell fractions from umbilical cord blood segments and units.
J Transl Med. 2015;13:94.

Ruggeri A, Labopin M, Sormani MP, et al. Engraftment kinetics and graft failure after
single umbilical cord blood transplantation using a myeloablative conditioning regimen.
Haematologica. 2014;99:1509-15.

Solves P, Planelles D, Mirabet V, et al. Qualitative and quantitative cell recovery in umbilical
cord blood processed by two automated devices in routine cord blood banking: a comparative
study. Blood Transfus. 2013;11:405-11.

Harris DT, Rogers I. Umbilical cord blood: a unique source of pluripotent stem cells for regen-
erative medicine. Curr Stem Cell Res Ther. 2007;2:301-9.

Sullivan MJ. Banking on cord blood stem cells. Nat Rev Cancer. 2008;8:555-63.

Nietfeld JJ. Opinions regarding cord blood use need an update. Nat Rev Cancer. 2008;8:823.

Haller MJ, Wasserfall CH, Hulme MA, et al. Autologous umbilical cord blood transfusion in
young children with type 1 diabetes fails to preserve C-peptide. Diabetes Care. 2011;34:2567-9.
Giannopoulou EZ, Puff R, Beyerlein A, et al. Effect of a single autologous cord blood infu-
sion on beta-cell and immune function in children with new onset type 1 diabetes: a non-
randomized, controlled trial. Pediatr Diabetes. 2014;15:100-9.

Takahashi M, Matsuoka Y, Keisuke S, et al. CD133 is a positive marker for a distinct class
of primitive human cord blood derived CD34-negative hematopoietic stem cell. Leukemia.
2014;28:1308-15.

Bhartiya D, Shaikh A, Nagvenkar P, et al. Very small embryonic-like stem cells with maximum
regenerative potential get discarded during cord blood banking and bone marrow processing
for autologous stem cell therapy. Stem Cells Dev. 2012;21:1-6.

Gkountela S, Li Z, Vincent JJ, et al. The ontogeny of cKIT+ human primordial germ cells
proves to be a resource for human germline reprogramming, imprint erasure and in vitro dif-
ferentiation. Nat Cell Biol. 2013;15:113-22.

Bhartiya D, Shaikh A, Anand S, et al. Endogenous, very small embryonic-like stem cells: criti-
cal review, therapeutic potential and a look ahead. Hum Reprod Update. 2016;23(1):41-76.
doi:10.1093/humupd/dmw030.

Shaikh S, Anand S, Kapoor S, et al. Mouse bone marrow VSELs exhibit differentiation into
three embryonic germ lineages and hematopoietic & germ cells in culture. Stem Cells Rev Rep
2017;13(2):202-216.

‘Wadman M. Medical research: cell division. Nature. 2013;498:422-6.
http://www.jsonline.com/news/opinion/use-of-fetal-tissue-is-unethical-and-unnecessary-
b9957274271-326513781.html

Maxmen A. Fetal tissue probe unsettles scientific community. Nat Biotechnol. 2016;34:447-8.
http://www.nationalreview.com/article/433689/abortion-clinics-quotas profits


http://dx.doi.org/10.1093/humupd/dmw030

156 D. Bhartiya

42. Willyard C. The boom in mini stomachs, brains, breasts, kidneys and more. Nature.
2015;523:520-2.

43. Tabar V, Studer L. Pluripotent stem cells in regenerative medicine: challenges and recent prog-
ress. Nat Rev Genet. 2014;15:82-92.

44. LiY, Yang ST. Advances in human pluripotent stem cells for regenerative medicine and drug
discovery. J Tissue Sci Eng. 2014;5:e127.

45. Vassena R, Eguizabal C, Heindryckx B, et al. ESHRE special interest group stem cells. Stem
cells in reproductive medicine: ready for the patient? Hum Reprod. 2015;30:2014-21.

46. Irie N, Weinberger L, Tang WW, et al. SOX17 is a critical specifier of human primordial germ
cell fate. Cell. 2015;160:253-68.

47. Ohinata Y, Payer B, O'Carroll D, et al. Blimp1 is a critical determinant of the germ cell lineage
in mice. Nature. 2005;436:207-13.

48. Seisenberger S, Andrews S, Krueger F, et al. The dynamics of genome-wide DNA methylation
reprogramming in mouse primordial germ cells. Mol Cell. 2012;48:849-62.

49. Hayashi K, Ohta H, Kurimoto K, et al. Reconstitution of the mouse germ cell specification
pathway in culture by pluripotent stem cells. Cell. 2011;146:519-32.

50. Hayashi K, Ogushi S, Kurimoto K, et al. Offspring from oocytes derived from in vitro primor-
dial germ cell-like cells in mice. Science. 2012;338:971-5.

51. http://www.10news.com/news/viacyte-announces-results-of-preliminary-human-trial-on-vc-
01-drug-to-cure-type-1-diabetes

52. Pethe P, Nagvenkar P, Bhartiya D. Polycomb group protein expression during differentiation
of human embryonic stem cells into pancreatic lineage in vitro. BMC Cell Biol. 2014;15:18.

53. Bhartiya D. Stem cells to replace or regenerate the diabetic pancreas: huge potential & existing
hurdles. Ind J Med Res. 2016a;143:267-74.

54. Kang E, Wang X, Hedges RT, et al. Age-related accumulation of somatic mitochondrial DNA
mutations in adult-derived human iPSCs. Cell Stem Cell. 2016;18:1-12.

55. Reardon S. Mutated mitochondria could hold back stem-cell therapies. Nature. 2016;533:43—
4. doi:10.1038/nature.2016.19752.

56. Reardon S, Cyranoski D. Japan stem-cell trial stirs envy. Nature. 2014;513:287-8.

57. Garber K. RiKen suspends first clinical trial involving induced pluripotent stem cells. Nat
Biotechnol. 2015;33:890-1.

58. https://www.ipscell.com/2015/11/parkinsons-ips-cell-trial-in-japan-switching-to-allogeneic/

59. Saito MK, Matsunaga A, Takasu N, et al. Donor recruitment and eligibility criteria for HLA
homozygous iPS cell bank in Japan. In: Ilic D, editor. Stem cell banking. New York, NY:
Springer; 2014. p. 67-76.

60. Nakatsuji N, Nakajima F, Tokunaga K. HLA-haplotype banking and iPS cells. Nat Biotechnol.
2008;26:739-40.

61. Ratajczak MZA. novel view of the adult bone marrow stem cell hierarchy and stem cell traf-
ficking. Leukemia. 2015;29:776-82.

62. Vojnits K, Yang L, Zhan M, et al. Very small embryonic-like cells in the mirror of regenerative
medicine. J Stem Cells. 2014;9:1-16.

63. Shin DM, Suszynska M, Mierzejewska K, et al. Very small embryonic-like stem-cell optimiza-
tion of isolation protocols: an update of molecular signatures and a review of current in vivo
applications. Exp Mol Med. 2013;e56:45.

64. Kassmer SH, Krause DS. Very small embryonic-like cells: biology and function of these poten-
tial endogenous pluripotent stem cells in adult tissues. Mol Reprod Dev. 2013;80:677-90.

65. Feng G, Cui J, Zheng Y, et al. Identification, characterization and biological significance of
very small embryonic-like stem cells (VSELSs) in regenerative medicine. Histol Histopathol.
2012;27:827-33.

66. Bhartiya D. Intricacies of pluripotency. J Stem Cells Regen Med. 2015;11:2-6.

67. Mierzejewska K, Heo J, Kang JW, et al. Genome-wide analysis of murine bone marrow-
derived very small embryonic-like stem cells reveals that mitogenic growth factor signaling
pathways play a crucial role in the quiescence and ageing of these cells. Int J Mol Med.
2013;32:281-90.


http://dx.doi.org/10.1038/nature.2016.19752

Ideal Stem Cell Candidate for Regenerative Medicine 157

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Shin DM, Zuba-Surma EK, Wu W, et al. Novel epigenetic mechanisms that control pluripo-
tency and quiescence of adult bone marrow-derived Oct4(+) very small embryonic-like stem
cells. Leukemia. 2009;23:2042-51.

Kumar N, Hinduja I, Nagvenkar P, et al. Derivation and characterization of two genetically
unique human embryonic stem cell lines on in-house-derived human feeders. Stem Cells Dev.
2009;18:435-45.

Nagvenkar P, Pethe P, Pawani H, et al. Evaluating differentiation propensity of in-house
derived human embryonic stem cell lines KIND-1 and KIND-2. In Vitro Cell Dev Biol Anim.
2011;47:406-19.

Pawani H, Nagvenkar P, Pethe P, et al. Differentiation of human ES cell line KIND-2 to yield
tripotent cardiovascular progenitors. In Vitro Cell Dev Biol Anim. 2013;49:82-93.

Shaikh A, Nagvenkar P, Pethe P, et al. Molecular and phenotypic characterization of CD133
and SSEA4 enriched very small embryonic-like stem cells in human cord blood. Leukemia.
2015;9:1909-17.

Shaikh A, Bhartiya D, Kapoor S, et al. Delineating the effects of 5-fluorouracil and follicle-
stimulating hormone on mouse bone marrow stem/progenitor cells. Stem Cell Res Ther.
2016;7:59.

Sriraman K, Bhartiya D, Anand S, et al. Mouse ovarian very small embryonic-like stem cells
resist chemotherapy and retain ability to initiate oocyte-specific differentiation. Reprod Sci.
2015;22:884-903.

Parte S, Bhartiya D, Telang J, et al. Detection, characterization, and spontaneous differentia-
tion in vitro of very small embryonic-like putative stem cells in adult mammalian ovary. Stem
Cells Dev. 2011;20:1451-64.

Anand S, Bhartiya D, Sriraman K, et al. Very small embryonic-like stem cells survive and
restore spermatogenesis after busulphan treatment in mouse testis. J Stem Cell Res Ther.
2014;4:216.

Bhartiya D, Kasiviswanathan S, Unni SK, et al. Newer insights into pre-meiotic development
of germ cells in adult human testis using OCT-4 as a stem cell marker. J Histochem Cytochem.
2010;58:1093-106.

Anand S, Bhartiya D, Sriraman K, et al. Underlying mechanisms that restore spermatogenesis
on transplanting healthy niche cells in busulphan treated mouse testis. Stem Cells Rev Rep.
2016;12(6):682-97. doi:10.1007/s12015-016-9685-1.

Anand S, Bhartiya D, Sriraman K, et al. Very small embryonic-like stem cells survive and
restore spermatogenesis after busulphan treatment in mouse testis. J Stem Cell Res Ther.
2014;4:216.

Bhartiya D, Mundekar A, Mahale V, et al. Very small embryonic-like stem cells are involved in
regeneration of mouse pancreas post-pancreatectomy. Stem Cell Res Ther. 2014;5:106.
Havens AM, Sun H, Shiozawa Y, et al. Human and murine very small embryonic-like cells rep-
resent multipotent tissue progenitors, in vitro and in vivo. Stem Cells Dev. 2014;23:689-701.
Kucia M, Reca R, Campbell FR, et al. A population of very small embryonic-like (VSEL)
CXCR4(+)SSEA-1(+)Oct-4+ stem cells identified in adult bone marrow. Leukemia.
2006;20:857-69.

Bhartiya D. Use of very small embryonic-like stem cells to avoid legal, ethical, and safety
issues associated with oncofertility. JAMA Oncol. 2016;2:689.

Bhartiya D, Anand S, Parte S. VSELs may obviate cryobanking of gonadal tissue in cancer
patients for fertility preservation. J Ovarian Res. 2015;8:75.

Patel H, Bhartiya D. Testicular stem cells express follicle stimulating hormone receptors and
are directly modulated by FSH. Reprod Sci. 2016;23(11):1493-508.

Kassmer SH, Jin H, Zhang PX, et al. Very small embryonic-like stem cells from the murine
bone marrow differentiate into epithelial cells of the lung. Stem Cells. 2013;31:2759-66.
Dawn B, Tiwari S, Kucia MJ, et al. Transplantation of bone marrow-derived very small embry-
onic-like stem cells attenuates left ventricular dysfunction and remodeling after myocardial
infarction. Stem Cells. 2008;26:1646-55.


http://dx.doi.org/10.1007/s12015-016-9685-1

158 D. Bhartiya

88. Taichman RS, Wang Z, Shiozawa Y, et al. Prospective identification and skeletal localization
of cells capable of multilineage differentiation in vivo. Stem Cells Dev. 2010;19:1557-70.

89. Zuba-Surma EK, Wojakowski W, Ratajczak MZ, et al. Very small embryonic-like stem cells:
biology and therapeutic potential for heart repair. Antioxid Redox Signal. 2011;15:1821-34.

90. Chen ZH, Lv X, Dai H, et al. Hepatic regenerative potential of mouse bone marrow very small
embryonic-like stem cells. J Cell Physiol. 2015;230(8):1852-61.

91. Guerin CL, Loyer X, Vilar J, et al. Bone-marrow-derived very small embryonic-like stem cells
in patients with critical leg ischaemia: evidence of vasculogenic potential. Thromb Haemost.
2015;113:1084-94.

92. Abouzaripour M, RagerdiKashani I, Pasbakhsh P, et al. Intravenous transplantation of very
small embryonic like stem cells in treatment of diabetes mellitus. Avicenna J Med Biotechnol.
2015;7:22-31.

93. Kuriyan AE, Albini TA, Townsend JH, et al. Vision loss after intravitreal injection of autolo-
gous “stem cells” for AMD. N Engl J Med. 2017;376(11):1047-53.

94. Ratajczak MZ. Why are hematopoietic stem cells so ‘sexy’? On a search for developmental
explanation. Leukemia. 15 May 2017. doi:10.1038/leu.2017.148. [Epub ahead of print].

95. Monti M, Imberti B, Bianchi N, et al. A novel method for the isolation of pluripotent stem cells
from human umbilical cord blood. Stem Cells Dev. 5 June 2017. doi:10.1089/s¢d.2017.0012.
[Epub ahead of print].

96. Marks PW, Witten CM, Califf RM. Clarifying stem-cell therapy’s benefits and risks. N Engl J
Med. 2017;376(11):1007-9. doi:10.1056/NEJMp1613723. Epub 30 Nov 2016.


http://dx.doi.org/10.1038/leu.2017.148
http://dx.doi.org/10.1089/scd.2017.0012
http://dx.doi.org/10.1056/NEJMp1613723

Partll

Potential Clinical Studies
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Abstract

Beta-cell replication and islet neogenesis are a major challenge in diabetes
research. Transplantation of islets in diabetic patients has been initiated years
ago; however, shortage of donor pancreas and autoimmune rejections has limited
their clinical implications. Although attempts are being made to generate islets
from pluripotent stem cells, their clinical applications are restricted due to ethical
concerns and teratoma formation. To overcome these limitations, transdifferen-
tiation of alpha cells and acinar cells and differentiation of ductal stem cells to
beta cells are in the pipeline. The amicable substitute for islet transplantation is
the islet neogenesis from pancreatic progenitors. The endogenous islet neogen-
esis could be accomplished with external clues employing combination of Reg
protein/transcription factors/growth factors/mesenchymal stem cells to restore
the lost beta cells mass. This chapter focuses on the pancreatic progenitor reser-
voirs within the pancreas as a target for inducing islet neogenesis in diabetes.
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GLP1 Glucagon-like peptide

GLUT2 Glucose transporter-2

INGAP ISLET neogenesis associated protein
IPCs Insulin-producing cells

MTF1 Myelin transcription factor 1

Reg proteins  Regulatory proteins

VSEL Very small embryonic-like stem cells

10.1 Introduction

The pancreas contains two distinct groups of cells — exocrine, portion consisting of
acinar, and the duct cells — while the endocrine portion consisting of islets of
Langerhans. The islet of Langerhans is the cluster of cells comprising of alpha («),
beta (P), delta (8), epsilon (¢), and pancreatic progenitor cells which synthesize and
secrete glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide, respec-
tively. The flaw in insulin production or secretion leads to diabetes [1]. Diabetes is
a group of metabolic disorders which usually occurs with an increase in blood glu-
cose level either due to nonfunctional f§ cells coupled with insulin resistance (type
2) or due to total lack of pancreatic f§ cells (typel). Type 2 diabetes is predominant
(90% of the population) with p-cell dysfunction alarming for insulin therapy; how-
ever, proper lifestyle (diet and exercise) could manage this disorder up to 60% [2].
There has not been any successful prevention of type 2 diabetes despite of the vari-
ous therapeutic strategies recommended by the clinicians. The scenario remains the
same for type 1 diabetes. Type 1 diabetes in particular, which affects the 10% of the
population, demands alternatives for its treatment other than insulin injection and
transplantation. Transplantation of islets or pancreas faces major challenges, like (a)
lack of cadaveric pancreas, (b) protection against autoimmunity and allo-rejection
[3], and (c) cost intensive. Type 1 diabetes is the principal front line for replenish-
ment of B-cell strategies for which the proof-of-concept has already been performed
by islet transplantation [4]. Beta-cell replenishment can be carried out either endog-
enously or exogenously, hence making it major area of research. Exogenous insulin
injection is one of the choices of treatment for type 1 diabetes and advanced type 2
diabetes. Transplantation of pancreatic islets from cadaveric pancreas and the
insulin-producing cells generated from stem cells are the next best option for treat-
ing type 1 diabetes. However, as mentioned earlier the success rate for transplanta-
tion is not promising; alternative treatment has to be discovered.

Regenerative medicine therapies using stem cells and pancreatic progenitor cells
for type 1 and type 2 diabetes are attaining lot of attentions. Another alternative
could be endogenous replenishment of pancreatic 3 cells. Stem cells have the self-
renewal capacity and also have the potential to differentiate into terminal differenti-
ating cells, hence opening a broad spectrum for regenerative therapies. The potency
of the progenitor cells depends on their development potential. For the regeneration
of the diseased or injured areas, multipotent stem cells or progenitor cells are of
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fundamental importance. Hence multipotent pancreatic progenitor cells would be
highly beneficial for the regeneration of f§ cells. Next most widely used pharmaco-
logical approach is administering glucagon-like peptide (GLP1) and inhibitors of
DPP4 for endogenous production of insulin [S]. Nonetheless, regulation of blood
glucose remains to be challenging as fluctuation in blood glucose level leads to
multiple morbidities like diabetic neuropathy, nephropathy, retinopathy, and cardio-
vascular complications. Therefore, regenerative therapies/stem cell-based therapies
would be advantageous over pharmacological interventions. In the present chapter,
we will be explaining the natural sites for islet neogenesis, the role of pancreatic and
extra pancreatic stem cells in islet neogenesis, various proteins involved in islet
neogenesis, and the new drug development to induce pancreatic stem cells to regen-
erate new islet.

10.2 Beta-Cell Mass Restoration

Various methods have been employed for in vivo restoration of f-cell mass avoiding
the immune rejection and surgical complications. It is logical that the restoration of
islet cell mass could be achieved through the B-cell progenitors residing within the
pancreas [6]. Beta-cell mass restoration comprises of f-cell mass regeneration as
well as p-cell mass replacement. Beta-cell mass regeneration consists of prolifera-
tion of pancreatic f cells, transdifferentiation of o and acinar cells, and p-cell dif-
ferentiation from duct cells termed as neogenesis. Beta-cell mass replacement
mainly explores the area of regenerative therapies and generation of insulin-
producing cells from embryonic stem cells, induced pluripotent stem cells, and
mesenchymal stem cells. In the present article, we will be focusing on one of the
above aspects that are islet neogenesis (Fig. 10.1).

Pancreatic stem cells Pancreatic progenitor cells

© — O~

Differentiation Beell Replication
Alpha and Acinar cells o or Beells D

Trans Differentiation

Pancreatic duct Progenitor/Stem cells

T - @ -

Differentiation

Ways to restore 3 cell mass

Fig. 10.1 Few aspects of f-cell mass regeneration/replication via differentiation and
transdifferenetiation
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10.3 Pharmacological Approaches to Islet Neogenesis

The term neogenesis defines the differentiation of islet cells from stem cell/progeni-
tors for the growth of endocrine pancreas [3]. It has already been reported that the
ideal mechanism of regeneration of injured pancreatic cells can be achieved by
proliferation of B cells. A report by Dor et al. [7] suggested that new cells are gener-
ated from existing f cells as confirmed by lineage tracing technique wherein the 8
cells were labeled with Cre-loxP. Beta-cell mass increases considerably during
pregnancy and obesity due to increased metabolic demand. Apart from in vivo islet
neogenesis, there are various factors that contribute for islet neogenesis in vitro.
There are studies on the application of cytokines, peptides, and proteins for the
generation of insulin-producing cells from stem cells [1]. Among the various com-
pounds, the few most instrumental molecules in islet differentiation are activin A,
INGAP, glucagon-like peptide, insulin-like growth factors, keratinocyte growth fac-
tors, and hepatocyte growth factors, out of which the most explored are activin A
and keratinocyte growth factors [8]. There is also a report on the application of
herbal product, conophylline on the generation of insulin-producing cells [9]. This
product mimicked the action of activin A on pancreatic acinar cells, differentiating
them to insulin-producing cells by elevating PDX1, Ngn3, and Glut2 expression.
One of the earlier reports also demonstrated the protective and regenerative effect of
y amino butyric acid (GABA) on f cells. This molecule enhances the glucose
responsiveness of the islets under ultralow temperature making islet banking feasi-
ble [10]. Hence the abovementioned studies suggest that apart from transplantation
and insulin therapy, there are various other approaches for combating the f-cell
shortage during diabetes (Fig. 10.2).

INGAP protein

<——— Maturing islets

Neogenesis
—

GLP1

Pancreatic duct

EGF and Gastrin

Pharmacological approaches for islet neogenesis

Fig. 10.2 A group of assorted molecules or factors which helps in pancreatic islet neogenesis
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10.4 Sites of Precursor Cell Pools Within Pancreas
10.4.1 Beta-Cell Replication

Pancreatic f cells are the solitary source of insulin in the vertebrates. Under certain
normal physiological conditions, the pancreatic 3-cell mass increases mainly during
obesity, aging, pregnancy, and type 1 diabetes. Beta-cell replication is the major
source for increase in -cell mass in neonatal mice and is the predominant mecha-
nism having equal replicative capacity throughout the different subpopulations [11].
Beta cells have the inherent capacity to regenerate unless constrained by autoim-
mune attack or persistent hyperglycemia [12]. However, the underlying mechanism
is not clearly understood till date. There are reports on the proliferative action of
insulin, free fatty acids (FFA), and incretin during insulin resistant state; nonethe-
less, other mitogens for P-cell replication are yet to be identified [13]. Beta cell
adjusts their proliferation rate according to the glycolysis rate maintaining the nor-
moglycemia, hence adjusting according to the organism’s need. There are evidences
which demonstrate that human islets cultured in vitro on a culture dish attach and
expand to epithelial cells expressing PDX1, and they also undergo epithelial to mes-
enchymal transition forming fibroblastoid cells [14]. These EMT-derived cells
express stem cell properties; however, this report was later contradicted by another
study wherein they described the cells expanded from human islet cultures as human
islet precursor cells (hIPC) [15]. These cells were generated from islet mesenchy-
mal stem cells and expressed all the MSC markers and could differentiate in vitro
into mesodermal osteocytes and chondrocytes. There is also a report demonstrating
that human islet cells expanded in vitro could be re-differentiated to normal p cells
in the presence of {3 cellulin in the differentiation medium [16]. Age-related decrease
in the expression of PDX1 in human islets indicates decreased plasticity and reduced
insulin formation and secretion. Maximum f-cell replication occurs in premature
and developing tissue rather than postnatal tissues. Hence there are different factors
that could lead to B-cell replication either in vitro or in vivo; however, precaution
should be taken to avoid neoplastic alteration [17].

10.4.2 Transdifferentiation of o Cell to f3 Cell

Among the various strategies for generating new 3 cell, one of the most advanced
choices is reprogramming or transdifferentiating a differentiated cell to pluripotent
cells using various genetic factors and later reprogramming them to other differenti-
ated cells [18]. A recent report claimed that o cells possess both active and repres-
sive histone markers showing a bivalent chromatin signature at the active genes of f§
cells such as PdxI and MafA. This report also suggested that o cells could be reac-
tivated by treating the islets with histone methyltransferase inhibitors. Ectopic
expression of Pax4 is also sufficient for conversion of « cells to f cells in vivo;
nonetheless, loss of Pax4 leads to loss of p cells leading to an increase in number of
a cells [19]. Another in vitro study demonstrated that ectopic expression of HNF4
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in mouse «TC1 clone 9 cells changed the morphology, reduced the glucagon expres-
sion, and enhanced the expression of insulin, Pax4, C-peptide, glucose transporter-2
(GLUT?2), and glucokinase, hence reprogramming them to f-like cells [20]. Alpha
cells can also be reprogrammed to p cells by the inhibitory action of Nkx6./ on
glucagon gene in turn activating the pancreatic f-cell gene. With respect to the
above findings, a report suggested that glucagon-Cre transgenics in a cells induces
its conversion to f cells. Alpha and P cells share common functional machinery like
they metabolize glucose and secrete hormones, express glucokinase, and share a
number of transcription factors (ISL1 and Pax6), making a cell an appropriate can-
didate for p-cell reprogramming.

10.4.3 Intra-islet Precursor

Intra-islet precursor cells are present in diabetic mice and, upon proper stimulation,
generate neo islets [21]. There are reports on the presence of islet precursor cells or
stem cells in adult pancreas near the duct and have the capacity to differentiate into
endocrine cells upon stimuli [22]. One of the earlier reports suggested the adminis-
tration of sodium tungstate helped in the restoration of f-cell mass in the pancreas
and maintained the normoglycemic state [23]. It is also known from earlier studies
that pancreatectomy, duct ligation, chemical toxins, and viruses could induce regen-
eration of diabetic pancreas [24]. There are postulations that cells expressing Pdx!
and somatostatin serve as precursor for f cells in streptozotocin-injected mice [25].
This gives scope to consider intra-islet precursor cells for inducing endogenous islet
neogenesis.

10.4.4 Exocrine Pancreas

10.4.4.1 Acinar Cells

An alternative population for exocrine to endocrine transdifferentiation is acinar
cells, owing to their plasticity along with ectopic expression of various transcription
factors. Acinar cells from rodents are highly plastic enough to transdifferentiate into
duct cells, hepatocytes, and islet-like pancreatic f§ cells [7]. However, there are no
such reports for human pancreatic acinar cells; nonetheless, they do undergo spon-
taneous metaplasia in vitro to duct cells Earlier reports suggest that the direct repro-
gramming of acinar cells to beta cells could be achieved by the combinations of
three transcription factors like Ngn3, Mafa, and Pdx1 [26]. A very recent approach
describes the nongenetic manipulation for reprogramming acinar cells to 3 cells by
inducing with bone morphogenetic protein 7 (BMP7) in the acinar cells leading to
the formation of clusters which are insulin positive and respond to glucose both
in vitro and in vivo [24]. The nongenetic reprogramming of the exocrine cells would
be a novel strategy for the neogenesis of the pancreatic 3 cells. One of the key tran-
scription factors for the differentiation and development of the pancreatic f§ cells is
Ngn3. It is expressed in the adult rodent pancreas upon certain injury in the exocrine
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cells and allows the conversion of exocrine cells to the endocrine ones. However,
their exact role and mechanism of action toward the conversion is unclear. There are
various reports that describe the conversion of exocrine cells to pancreatic f3 cells
following partial duct ligation, adenoviral expression, 90% pancreatectomy, in vivo
delivery of EGF, and ciliary neurotrophic factor (CNTF). Several cytokines like
EGF, HGF, and CNTF have been used in combinations to regenerate pancreatic 3
cells in vitro from the acinar cells without genetic modulation [27]. Hence various
genetic and nongenetic manipulations using various transcription and growth fac-
tors can successfully lead to the conversion of exocrine acinar cells to the endocrine
pancreatic 3 cells in hyperglycemic mice model both in vitro and in vivo. However,
it remains to be seen whether this approach would work in case of human
pancreas.

10.4.4.2 DuctCells

The reprogramming factors for the acinar as well as the duct cells remain almost the
same. As discussed earlier, the combination of three major transcription factors
such as Ngn3, PdxI, and MafA via adenoviral expression could lead to the neogen-
esis of pancreatic insulin-producing cells from the duct cells in vitro. However, the
direct conversion of duct cells to pancreatic 3 cells via Ngn3 remains to be contro-
versial due to lack of evidences [28]. There are also reports that describe either the
ectopic expression of gastrin and transforming growth factor alpha (TGFa) in the
pancreas or the induction of gastrin in combination with EGF or GLP1 analogs can
lead to an increase in -cell mass and can also improve glucose tolerance in diabetic
mice [29]. Since the duct cells of the human pancreas are highly plastic, they could
easily be reprogrammed toward the differentiation to f cells. Genetic reprogram-
ming of the human adult pancreatic duct cells with cardinal islet development regu-
lators like Pdx1, Pax6, MafA, and Ngn3 led to the conversion of islet exocrine cells
to endocrine progenies having the properties of pancreatic f3 cells. There is also a
report which focuses on the adenoviral transduction of NGN3 in the human adult
duct cells for their differentiation to pancreatic f3 cells, although the neuroendocrine
shift was found to be incomplete [30]. The same study also suggested that conver-
sion could be enhanced with the co-expression of myelin transcription factor 1
(MYTI) but not PDX1 and MAFA. There is also a report which highlights the isola-
tion and expansion of stem cells derived from pancreatic ducts as an alternate source
to generate large number of islets for p-cell replacement [31]. Although various
factors have been employed toward the transdifferentiation of duct cells to pancre-
atic p cells in rodents and humans, the percentage generation of neo f cells is quite
minimal, and hence various other effective strategies should be developed for the
generation of large number of the f cells.

10.4.4.3 Pancreatic MSC

Apart from various sources, pancreatic mesenchymal stromal cells are abundantly
available for the neogenesis of the p cells. These multipotent precursor cells present
within the pancreas can be successfully isolated from rodents and converted into
islet-like cell aggregates in vitro [32]. These pancreatic MSCs could be an attractive
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target for stem cell therapy in diabetes (Fig. 10.3). Although controversial, there is
a report which demonstrates the presence of very small embryonic-like stem cells
(VSEL) in adult mouse pancreas which help in the regeneration of the diabetic
pancreas [33].

10.5 Islet Neogenesis from Extra Pancreatic Sources
10.5.1 The Role of MSCs in Inducing Islet Neogenesis in Diabetes

One of the most promising therapeutics for curing diabetes is involvement of stem
cells. Cell-based therapies are employed for the treatment of diabetes due to various
lacunae in transplantation as well as insulin therapies. Stem cells can be easily iso-
lated and grown in laboratory serving as a better candidate for p-cell replacement/
regeneration in treating type 1 diabetes. Inmunomodulatory properties and regen-
erative capacities of the MSCs are the major driving force for their therapeutic ben-
efits. MSCs have the potential to transdifferentiate into mesodermal as well as
non-mesodermal lineages including insulin-producing cells (IPCs). MSCs can also
be committed to transdifferentiate into a particular lineage by genetic reprogram-
ming or by altering the culture conditions in vitro. MSCs have marked their poten-
tial in tissue regeneration as they have the potential to migrate to the site of injury
[34]. They have also proved to be effective in treating autoimmune diseases. It has
been shown that adipose-derived MSCs have the potential to produce anti-inflam-
matory cytokines and angiogenic factors that could help in rescuing the diabetic
patients with inflammatory and ischemic conditions. One of the hypotheses sug-
gests that transplantation of MSC in diabetic animals prevented apoptosis of injured
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MSCs Definitive endoderm Pancreatic endoderm Insulin producing cells

Generation of IPCs from MSCs

Fig. 10.4 Generation of insulin-producing cells from different sources of MSCs by altering the
culture medium

B cells and enhanced the regeneration of endogenous precursor cells by various
paracrine secretions [35]. MSCs can be differentiated into insulin-producing cells
following various protocols, by altering their culture conditions [36]. Addition and
removal of various extrinsic insulin-promoting factors are essential for the genera-
tion of IPCs. Among the various factors, HGF, FGF, f cellulin, activin A, and nico-
tinammide are important for the generation of IPCs from MSCs (Fig. 10.4). Thus
MSC-derived IPCs could be a good substitute for cell-based treatment in type 1
diabetes.

10.5.1.1 Methods to Induce Islet Neogenesis

INGAP

Islet neogenesis-associated protein (INGAP) is a peptide found in the duct and
non-f cells from normal hamsters [37], pancreatic fetus of normal mice [38], adult
rats, and human beings. The bioactive portion of INGAP, pentadecapeptide 104—
118 (INGAP-P), reverses diabetes in animal models and also improves glucose tol-
erance in patients with diabetes. It has been reported that the duct cells isolated from
human pancreas and differentiated in four-step protocol using nicotinamide, exen-
din-4, TGFB1, and INGAP-PP generate islet-like clusters [39]. There is also a report
which suggests that PDX1 negatively regulates the stimulation of INGAP by shift-
ing the Neuro-D with Pan-1 at the DNA binding site, hence making it a non-DNA
binding site [40]. INGAP peptide improves the insulin production in type 1 diabetic
patients and also maintains the glycemia in type 2 diabetics. Thus far studies showed
positive result for the islet neogenesis using INGAP peptide; however, oral admin-
istration of this peptide could be of beneficial effect to the patients suffering from
[B-cell loss.

Reg Proteins

The regenerating protein family (Reg protein) is the group of secretory proteins
which are involved in proliferation and differentiation [41]. They serve as growth
factors for pancreatic cells, neural cells, and epithelial cells in the digestive system.
The expression of this protein is associated with islet neogenesis in the pancreas.
The Reg proteins in mouse, especially Regl, Reg2, and Reg339, help in f-cell regen-
eration by activating cyclinD1 and support their development [42].
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Conclusion

Thus we can conclude that there are various possibilities for p-cell neogenesis.
Although the approaches are varied, the target and the result obtained remain
unchanged. Despite various reports, the regeneration of the adult pancreas
remains debatable. The mechanism underlying the pancreatic regeneration has to
be addressed to widen the scope of research. Alternatives have been identified for
[B-cell regeneration either through MSCs that are present in pancreas or by the
exogenous sources; however, exogenous sources have their own limitations. We
have attempted to show here the ways to trigger endogenous pancreatic regenera-
tion employing external agents like small molecules, growth factors, and MSCs
to enhance the pancreatic regeneration. The article provides new dimension to
islet neogenesis in diabetic pancreas.
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Cell Therapy in Liver Diseases 1 1
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Abstract

Wide array of vital functions performed by the liver in favour of the rest of the
body are safeguarded by its exceptional regenerative capacity. In diseased liver,
this safeguard of native regenerative capacity of the liver is severely compro-
mised due to cellular and functional loss of regenerating cells leading to liver
failure and death of the patients. Even today, the available therapeutic options for
most of the hepatic diseases have limited efficacy, and orthotopic liver trans-
plants are infrequent due to scarce availability of organs, high operative cost and
post-transplant complications. To overcome these problems, several decades of
studies have set up the solid foundations for cell therapy as an alternative
approach. Cell therapies include the direct use of intact living cells as therapeutic
material for the treatment of patients. Various centres around the globe have been
able to successfully treat the patients with metabolic liver disease, acute liver
failure, acute-on-chronic liver failure and chronic liver failure using varied cell
therapies. Here in this chapter, I will summarize the current status, challenges
and future of cell therapy for liver diseases.
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Abbreviations

ACLF  Acute-on-chronic liver failure
AFP Alpha-fetoprotein

ALD  Acute liver disease

ASL  Aspartate aminotransferase
CLD  Chronic liver disease

CN1 Crigler—Najjar syndrome typel
CPS1  Carbamoyl phosphate synthase
oTC Ornithine transcarbamylase

PHI Primary hyperoxaluria type 1
SBP Spontaneous bacterial peritonitis

11.1 Introduction

The liver performs a wide array of vital functions to maintain the normal homeostasis
of the rest of our body. Liver disease can lead to various life-threatening metabolic
and physiologic abnormalities such as hypoglycaemia, haemorrhage, accumulation
of neurotoxins and hyperammonaemia paving way to hepatic encephalopathy.
Medical support for some of the hepatic complications like portal hypertension and
coagulopathy is available for patients, but therapeutic strategies that augment the
life-threatening abnormalities are still a challenge. Till date, solid organ transplant is
the only curative option for these patients but limited due to scarce availability of
organs and high cost of surgery. Most of the currently available management or treat-
ment options for hepatic diseases are targeted against the causative factors. They
mainly include lifestyle change, alcohol abstinence, antiviral therapy and steroid
therapy, but these do not have any direct effect on rescue of injury-associated damage
to the liver tissue. Injury triggers both tissue degeneration and healing. Efficient heal-
ing is required to rescue the associated damage, which needs the replacement of
damaged cells and reconstitution of their niche. In most adult tissues, cell replace-
ment is inefficient, and injury tends to result in scarring and functional impairment
rather than regeneration and complete rescue from the damage. Exception to this
general rule, the adult liver has an impressive regenerative capability. Normal liver
completely reconstitutes its lost mass within days (in rodents and fish) to weeks (in
humans) following acute 70% partial hepatectomy [1, 2] and even after massive isch-
emic, toxic and infectious types of acute liver injury without leaving any scar. This
impressive regenerative power of the liver is compromised, lost or overwhelmed dur-
ing the course of certain acute and chronic liver diseases due to cellular and func-
tional loss of regenerating cells ultimately leading to liver failure [3-5].

Based on type of injury, liver diseases can be broadly classified into three groups:
chronic liver disease (CLD) due to metabolic dysfunction in the absence of trauma or
tissue scarring (metabolic liver disease); acute liver disease (ALD) in which there is
a direct massive injury and loss of hepatocytes without damaging the normal tissue
architecture and CLD accompanied by widespread tissue damage and scar-based
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remodelling of normal tissue architecture leading to cirrhosis. Recently, a fourth
group of liver disease called acute-on-chronic liver failure (ACLF) has been coined
in which massive injury and loss of hepatocytes occur in the liver with previous
chronic injury [5]. In above different types of liver diseases, supplementation of
healthy regenerating cells can restore the native liver regeneration and decrease the
chances of liver failure. Cell therapy in liver diseases has broad spectrum of applica-
tion starting from cell transplant to liver tissue engineering. Based on type of injury
and demand, cell therapy in liver diseases is mainly aimed: (a) to accelerate or restore
native liver regeneration and resolution of fibrosis, (b) to downregulate immune-
mediated massive injury and loss of hepatocytes and (c) to supplement or replace
hepatocyte functions using primary hepatocytes or hepatocyte-like cells (HLCs).
Native liver has full regenerative potential even after massive hepatocyte death in
acute liver damage. However, clinically it is difficult to predict potential of regenera-
tion and identifying patients that may resolve their liver. Apart from cell transplant,
cell therapy in the form of extracorporeal bioartificial liver support system and liver
tissue engineering can provide temporary liver functions which extend sufficient
time for native liver to regenerate or can serve as a bridge to transplantation. Till date,
many cell types of both hepatic and non-hepatic origin such as hepatocytes, liver
sinusoidal endothelial cells, endothelial cells, mesenchymal stem cells, endothelial
progenitor cells, bone marrow haematopoietic stem cells and macrophages have
shown efficacy in preclinical models of hepatic diseases. In clinical trials, many of
these cells have showed some short-term moderate improvement in selected groups
of patients, but their clear therapeutic efficacy is inadequate. Though the science of
cell therapy in hepatic diseases is rapidly growing, still there are many technical and
physiological challenges which need to be understood and overcome. For better
understanding of the readers in the following sections, I will first describe the native
liver regeneration in normal and diseased liver to visualize the mechanistic role of
different cell types in native liver regeneration and their role in different liver dis-
eases. After that the different cell types used in cell therapy for liver diseases, their
current status and future development with respect to diverse natures of liver injury
have been discussed.

11.2 Liver Regeneration in Normal and Diseased Liver
11.2.1 Cellular Composition of the Liver

An appreciation of liver architecture is essential for understanding of hepatic biol-
ogy, native liver regeneration and pathology of injury and requirement of cell types
for the therapy. Histological section of liver displays a repeated, multicellular archi-
tecture (liver lobule: the basic architectural unit of the liver) with homogenous land-
scape of cords of hepatocytes (the main parenchymal cells of the liver) periodically
infiltrated with supporting cell types such as sinusoidal endothelial cells, Kupffer
cells, biliary ductal cells (cholangiocytes), stellate cells, portal fibroblasts and resi-
dent immune cells (Fig. 11.1). Spatiotemporal distribution of these supporting cells
together with hepatocytes along the line of blood flow from portal to central vein is
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Fig. 11.1 Diagram showing cellular composition of the liver: It consists of parenchymal cells
hepatocytes and cholangiocytes and non-parenchymal cells liver endothelial cells, stellate cells and
Kupffer cells. Apart from mature hepatocytes, cholangiocytes and other supporting non-parenchymal
cells, the liver also contains a very small population of self-renewing cells called hepatic stem/pro-
genitor cells. There are three different types of self-renewing hepatic stem cells present in the liver:
(a) Sox9* self-renewing hybrid cells, (b) oval cells or hepatic progenitor cells (HPCs) and (c¢) Axin2*
self-renewing cells present as single layer around the central vein endothelium

central for wide array of functions performed by the liver towards the rest of the
body. Apart from mature hepatocytes, cholangiocytes and other supporting cells, the
liver also contains a very small population of self-renewing cells called hepatic stem/
progenitor cells. There are three different types of self-renewing hepatic stem cells
present in the liver. Sox9* self-renewing cells present near the portal area showed
expression of both hepatic and cholangiocytic lineage markers and are called hybrid
cells [6]. These cells are mainly involved in normal tissue turnover and regeneration
of hepatocytes in response to chronic liver injury. Portal area also contains a rare
population of cells with oval-shaped nuclei and thin rim of cytoplasm called hepatic
progenitor cells (HPCs). These cells are bi-potent and can give rise to hepatocytes or
cholangiocytes in injured liver where self-renewal capacity of adult hepatocytes is
compromised or lost [7]. Third population of Axin2* self-renewing cells are present
as single layer around the central vein endothelium [8]. Till date, function of these
cells has been shown only in normal liver tissue turnover [9].

11.2.2 Regeneration in Normal and Diseased Liver

Regeneration in adult liver mainly occurs through the self-replication of existing
mature hepatocytes or cholangiocytes or activation and subsequent differentiation of
hepatic stem cells when self-replication of hepatic parenchyma is lost or overwhelmed.
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Fig. 11.2 Diagram showing cellular interaction in hepatocyte self-replication and HPC-mediated
liver regeneration. In the normal adult liver, hepatocytes are mitotically quiescent due to TGF
secreted by LSECs acts as a proliferation brake on hepatocytes. When injury occurs in healthy liver,
LSECs downregulate ANG2 and TGFp during the early phase of regeneration, and they secrete
HGF and WNT?2. Stellate cells secrete HGF and hedgehog (Hh), and Kupffer cells secrete IL-6.
These factors act with circulating factors to stimulate hepatocyte and biliary epithelial proliferation.
In later phase of regeneration, ANG2 is re-expressed which it activates VEGFR-2 and TIE-2 signal-
ling. This is followed by proliferation of LSECs, hepatic macrophages and stellate cells. When
hepatocyte replication is overwhelmed or gets defective due to injury or ageing, HPC-mediated
liver regeneration starts with the interaction of local and infiltrated non-parenchymal cells

Hepatic parenchyma is highly robust in nature. Depending upon the extent and type of
hepatic parenchymal cell injury, both mature hepatocytes and cholangiocytes can also
differentiate to hepatic progenitor cells and give rise to cholangiocytes and hepato-
cytes, respectively [10, 11]. Due to this unique robustness of hepatic parenchyma, the
liver shows tremendous regenerative potential. Kupffer cells (hepatic macrophages)
are the main sentinel cells of the liver which sense the damage. As summarized in
Fig. 11.2, in normal liver under non-pathological and static conditions, hepatocytes are
in a quiescent state (G, phase), and TGFp produced by sinusoidal endothelial cells acts
as a growth inhibitory signal for hepatocytes. In response to liver injury, Kupffer cells
sense the liver damage and get activated which further leads to the activation of hepatic
stellate cells and liver sinusoidal endothelial cells. Activated Kupffer cells also produce
IL-6 and TNFa that primes the existing hepatocytes for mitosis by forcing the G, hepa-
tocytes to enter into Go/G; transition and make the hepatocytes responsive to further
mutagenic signals [12, 13]. In the initial phase of injury, angiopoietin 2 (Ang2)-
mediated TGFp production of endothelial cells get decreased that leads to relieve the
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brake from the primed hepatocytes. Activated stellate cells produce various growth
factors like stromal derived factor 1 (SDF1), hepatocyte growth factor (HGF) and
hedgehog (Hh) and Notch ligands [4]. While the Hh and Notch ligands help in the
proliferation of cholangiocytes, SDF1 helps in the induction of its receptor CXCR7 on
activated endothelial cells. Activation of SDF1 receptors CXCR4 and CXCR7 on
endothelial cells leads to the ID1-mediated production of hepatocyte mitogens HGF
and Wnt2. In response to HGF and Wnt2, primed hepatocytes enter into the cell cycle
and start proliferating rapidly. Regenerating hepatocytes produce growth factors such
as PDGF, VEGF, FGF1, FGF2 and SCF which help in the regeneration of non-paren-
chymal cells [4]. Rapid proliferations of hepatocytes are followed by the subsequent
proliferation of Kupffer cells and cholangiocytes. In later phase, endothelial cells
regain the expression of Ang2 which together with VEGF produced by regenerating
hepatocytes induce the proliferation of endothelial cells. The self-replication of mature
hepatocytes is the most efficient means of hepatic regeneration. Liver regeneration in
response to partial hepatectomy and early phase of acute liver injury occurs through
this means. However, this regenerative capacity is overwhelmed during late stage of
acute liver injury, compromised in chronic liver injury and lost in acute-on-chronic
liver injury [4, 5, 14]. In such situation regeneration of the liver mainly occurs through
the activation and subsequent differentiation of hepatic progenitor cells to hepatocytes.
These phenomena are commonly known as the ‘oval cell response’ in rodents and the
‘ductular reaction’ in humans. HPC-mediated liver regeneration consists of four steps:
activation, proliferation, migration and differentiation which is orchestrated by the sup-
portive signals from non-parenchymal cells of the liver and infiltrating bone marrow
cells, mainly the bone marrow macrophage. In response to injury, infiltrated bone mar-
row macrophage provides cytokine TWEAK which acts as potent inducer of HPC
activation. Activated HPC proliferate and migrate away from the portal area in response
to various signals provided by the activated hepatic stellate cells and portal fibroblasts.
A different set of macrophage when engulf the apoptotic body of dying hepatocytes,
they produce Wnt3 which suppress the Notch activity in HPC and direct the differen-
tiation of HPC towards hepatocytes. Unlike hepatocyte-mediated regeneration, HPC-
mediated liver regeneration is not efficient and often inadequate to recover the lost
hepatic mass leading to liver failure. In case of prolonged liver injury such as that seen
in chronic hepatitis due to various aetiology (e.g. excess alcohol consumption, viral
infection and obesity), self-replication of adult hepatocyte and biliary epithelia gets
impaired and there is excessive deposition of ECM and poor resolution of damage.
Regenerative angiocrine supports for hepatocytes are lost and endothelial cells mainly
support the fibrosis. Stellate cell-derived factors, such as HGF and hedgehog, fail to
stimulate liver growth, and deposit scar tissue, which further inhibits hepatocyte and
hepatic progenitor cell-mediated regeneration. Altogether the supportive signals for the
liver to regenerate get severely compromised, and liver microenvironment becomes
impermissible for regenerating cells, resulting in reduced liver mass and function [4].
Furthermore, the vasculature structures within the liver become abnormal, and blood
flow to the liver gets severely hampered. Remaining hepatocytes and HPC get surround
by increasingly thick bands of collagen leading to the development of cirrhosis and
finally leads to either organ failure or liver cancer.
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11.3 Hepatocytes and Hepatocyte-Like Cells Therapy

As discussed in the above section, hepatocytes are the major cellular component of
the liver and account more than 70% of liver volume. The vast majority of liver
functions are mediated by hepatocyte; hence it is considered as the functional meta-
bolic unit of the liver. Cellular and/or functional losses of these cells in majority of
liver diseases are the underlying cause of liver failure, and rescue of liver functions
in these patients needs regenerating hepatocytes. Proof of concept that hepatocyte
transplantation can effectively treat liver diseases has been laid down way back in
1976. In animal model of Gunn rats, it has been shown that intraportal infusion of
exogenous hepatocytes isolated from a healthy donor liver can engraft into the
recipient hepatic parenchyma and express metabolic activity [15]. Since then in the
last 40 years, hepatocyte cell therapy has explored in various settings of liver dis-
eases either in the context of an extracorporeal device, a tissue-engineered graft or
as individually engrafted cells as a clinical alternative to orthotopic organ transplan-
tation. Hepatocytes are isolated from the donor liver by collagenase digestion. For
clinical hepatocyte transplantation, human hepatocytes are mainly isolated from
donor livers that are unused or deemed unsuitable for transplantation; hence the
quality of cells and their availability are still a major challenge. Isolated hepatocytes
can directly use for cell therapy or can be cryopreserved for future uses. In direct
hepatocyte transplantation to native liver, isolated hepatocytes are delivered to
recipient liver via portal vein infusion. Hepatocytes are approximately 20-40 pm in
diameter. In animal studies it has been shown that once injected into the liver, they
become wedged in sinusoids, causing portal hypertension and ischemia reperfusion
injury [16]. Seventy to eighty percent of infused hepatocytes remain entrapped in
the portal spaces and sinusoids and get cleared by the innate immune system, includ-
ing Kupffer cells and granulocytes. During this transient inflammatory process,
cytokines released by activated Kupffer cells induce vascular permeability and
allow surviving hepatocytes to translocate through the sinusoidal fenestrations and
integrate into the liver. Consequently, initial engraftment of hepatocytes after trans-
plantation is very low (about 0.5% of the recipient liver volume). Repeated infusion
in animal model had shown some increase in engraftment up to 5% [16]. Hence
poor engraftment of infused hepatocytes is the second major challenge in hepato-
cyte cell therapy. Hepatocyte transplantation has several benefits over solid organ
transplant, such as single donor liver can serve for multiple recipients, hepatocytes
can be cryopreserved for long-term storage and retrieved when needed and high
cost surgery and lifelong immunosuppressive treatment are not required. Unlike
life-threatening graft failure in solid organ, transplant rejection of hepatocytes
reverts the patient to pretransplantation state. Numerous studies in rodent’s animal
model of liver disease have indicated that transplantation of adult hepatocyte can
reverse hepatic failure and can correct various metabolic deficiencies of the liver
[16]. In clinical trials of hepatocyte transplantation, though long-term safety of the
procedure has been established, only a partial correction of metabolic disorder has
been achieved. Clinical benefits of hepatocyte transplantation in other setting of
liver disease such as ALF, ACLF and CLF are still debatable.
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11.3.1 Hepatocyte Transplant in Metabolic Liver Diseases

In life-threatening, inborn liver-based metabolic disorders, defects in single
enzymes or transport proteins are not typically accompanied by changes in liver
architecture. However this inborn deficit often leads to injury in other organ sys-
tems. For example, urea cycle disorders in Crigler—Najjar syndrome and phenylke-
tonuria cause injury to the brain; in oxalosis, the liver-based genetic abnormality
leads to accumulation of oxalate crystals in the kidney causing their damage and
renal failure [16]. Till date most encouraging clinical outcomes of hepatocyte
transplantation have been shown in patients with metabolic liver diseases. In meta-
bolic liver diseases, the requirement for donor cells is less as only specific function
of the liver is needed to be restored, whereas the native liver is capable of perform-
ing other functions. The major aim of cell therapy in these patients are to replace a
single deficient enzyme, unlike acute or chronic liver failure where whole range of
hepatic functions need to be supplemented to meet the metabolic demand of the
body. Till date hepatocyte transplant was used in clinic for the management of vari-
ous metabolic liver diseases such as urea cycle defects with deficiency of ornithine
transcarbamylase (OTC), ASL and carbamoyl phosphate synthase (CPS1), Crigler—
Najjar syndrome typel (CN1), glycogen storage disease type I, factor VII defi-
ciency, familial hypercholesterolemia, primary hyperoxaluria type 1 (PHI),
phenylketonuria (PKU) and citrullinemia [16]. In these cases, either fresh or cryo-
preserved human hepatocytes were used via portal vein infusion. Highest efficacy
of transplanted hepatocytes was observed till 3.5 years in a 10-year-old patient
with CN1 and after that patient underwent liver transplantation [17]. In the rest of
the cases, the average transplant-free survival (till date of orthotropic liver trans-
plant) was only 13 months [16]. In patients with metabolic liver diseases, first the
engraftment of hepatocytes is poor due to endothelial barrier of liver sinusoid, and
second the normal static liver microenvironment is not supportive for hepatocyte
replication; hence the engrafted cells are not able to colonize resulting in the loss
of transplanted cells with time even under the immunosuppressive regimen. Poor
engraftment and colonization of transplanted hepatocytes are still the major physi-
ological challenges against successful hepatocyte cell therapy in patients with
metabolic liver diseases. In animal model, various approaches, such as the use of
hepatic sinusoidal vasodilators, disruption of the sinusoidal endothelium by spe-
cific drugs (cyclophosphamide and doxorubicin) and inhibition of Kupffer cell-
mediated sinusoidal clearance of transplanted hepatocytes, have shown increase in
engraftment of hepatocytes in normal liver. Other strategies like blocking the native
hepatocyte proliferation followed by partial hepatectomy or ischemic liver injury
prior to cell transplantation, induction of minimal liver injury by partial portal vein
embolization or irradiation prior to cell transplantation have also showed increase
in engraftment and colonization of transplanted hepatocytes in animals [16].
Clinical utilities of these methods are limited due to safety issues of the patients,
except partial embolization or irradiation-induced minimal damage to healthy liver
that may have some future clinical applicability.
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11.3.2 Hepatocyte Transplant in Acute Liver Failure

Acute liver failure (ALF) can occur in the absence of any preexisting liver disease
and with previous chronic liver disease (CLD) or cirrhosis (ACLF). The liver can
fully regenerate after acute failure, but in case of ACLF it is partial. Hepatocyte
transplantation in patients with acute liver failure aims to restore liver function for
a period of bridging to solid organ transplant or until the native liver regenerates.
Unlike metabolic liver diseases, the number of hepatocytes needed for treatment is
higher and normally requires repeated infusions. Accessing the portal system is dif-
ficult in these patients due to coagulopathy; the alternate routes like the spleen and
peritoneal cavity have been followed in most of the clinical studies [16]. Though
hepatocyte transplantation in animal model of acute liver injury showed promising
results, in a clinical study only 7 out of 37 patients showed full recovery and restored
complete liver function after hepatocyte transplant [16]. Though most of the ALF
patients showed no clinical outcome except short-term improvement in serum
ammonia and bilirubin levels [16]. Overall, the results of hepatocyte transplantation
are encouraging in ALF, but it is difficult to draw any conclusion about the efficacy.
In ALF hepatic environment is highly toxic, and there is massive immune-mediated
apoptosis or necrosis of native hepatocytes; hence the viability of transplanted hepa-
tocytes is adversely affected. Secondly ectopic site lacks the supportive environ-
ment and portal hepatotropic factors leading to poor engraftment, survival and
function of infused hepatocytes. All these factors contribute to rapid clearance of
transplanted cells. Poor viability and functions due to lack of supportive environ-
ment and increased immune-mediated cell death are the major physiological chal-
lenges in successful clinical application of hepatocyte in ALF. Developing science
of liver tissue engineering holds a great potential to overcome these changes as an
alternative to hepatocyte transplant. In the last few years, various tissue engineering
approaches using synthetic polymer-based scaffold and decellularized liver scaffold
together with supporting cells like endothelial cells and mesenchymal cells [18]
have been explored to developed man-made ectopic liver tissue or organ. In vitro-
developed ectopic liver tissue showed better engraftment and anatomises with native
vascular system after engraftment in animal model. They also showed better hepatic
function both in vitro and in vivo. In principle proof of concept has been established
by many groups that in vitro-engineered liver tissue can be a better alternative to
single hepatocyte transplant, but future study and development in this area will
establish its clinical efficacy in the management of ALF and other liver diseases.

11.3.3 Hepatocyte Transplant in Chronic Liver Failure

In chronic liver disease, native regenerative potential of hepatic parenchyma is
severely compromised, and lost hepatic mass is mainly filled by the formation of
excess extracellular matrix. Invading sinusoidal endothelial cells get capillarized
and lost its regenerative angiocrine function leading to a state of cirrhosis. Unlike
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acute liver injury, chronic liver injury leads to marked change in liver architecture.
Cirrhosis is mainly caused by hepatitis B or C infection, autoimmune processes,
chronic alcohol abuse or inflammation and fat accumulation from chronic metabolic
syndromes. Apart from these factors, some metabolic liver diseases like
al-antitrypsin deficiency, haemochromatosis, Wilson’s disease, hereditary tyrosin-
emia and cystic fibrosis can also lead to architectural damage to the organ with cir-
rhosis. Hepatocyte transplantation in patients with cirrhosis aims to improve liver
function and quality of life. In cirrhosis increased hepatic resistance due to massive
scarring hepatocyte infusion through portal vein is limited, and the spleen has
shown the most successful site for transplantation. In preclinical model of small and
large animal, splenic transplanted hepatocytes showed significant improvement in
cholestasis, hyperammonaemia and reversal of hepatic encephalopathy and behav-
ioural disorders, along with ultrastructural changes in the brain’s corpus striatum
[19]. Clinically, hepatocyte transplant has been attempted in 20 chronic liver dis-
ease patients till date. Out of that only three children showed some improvement in
serum ammonia and encephalopathy control for 6 weeks [20]. High-pressure portal
system, compromised regenerative angiocrine support and scarred liver microenvi-
ronment are major physiological challenges in cirrhosis that limit the success of
hepatocyte transplantation. Since the normal liver architecture is altered in cirrho-
sis, hepatocyte transplantation per se do not provide full functional recovery, so in
the future development of an ectopic liver may be a better alternative for improving
liver functions in these patients.

11.3.4 Technical Challenges and Advance in Hepatocyte Cell
Therapy

Limited source and marginal cell quality are the main technical challenges in the
development of hepatocyte-based cell therapy in liver disease. Though native hepa-
tocytes in vivo showed unlimited replication potential, they don’t divide and lose
their functions with time in vitro. Attempt has been made to force the division of
isolated primary hepatocytes in vitro using various immortalization tools, but
immortalized hepatocytes were found to be dedifferentiated and lose polarity and
functions. With increase in our understanding in stem cell biology and embryonic
liver development, different methods have been developed to generate hepatocytes
as an alternate to primary source as summarized in Fig. 11.3. Now, it is possible to
generate hepatocytes from directed differentiation of embryonic stem cell or
patient’s own-induced pluripotent stem cells, in vitro transdifferentiation of somatic
cells to hepatocytes using a set of hepatocyte specific transcription factors, direct
reprogramming of somatic cells to induced hepatic stem cells (iHepSC) and their
subsequent differentiation to hepatocytes. Hepatocytes derived from these routes,
though characteristically similar to hepatocytes in morphology and marker gene
expression, but functionally are not identical to native hepatocytes and thus called
hepatocyte-like cells (HLCs). Characteristic similarities are found to be in regard to
hepatic gene and protein expressions, ultrastructural feature, synthesis of albumin,
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Fig. 11.3 Diagram showing different sources of hepatocyte-like cells. Hepatocyte-like cells can
be generated either through the immortalization of adult hepatocytes, in vitro directed differentia-
tion of embryonic stem cells (ESC) or induced pluripotent stem cells using specific growth factors
or through the direct reprogramming of any somatic cells using liver specific transcription factors

urea and fibrinogen, storage of glycogen and P450 enzymatic activity. However,
these cells are resembled to foetal hepatocytes in terms of global gene expression,
foetal markers like AFP and Cyp3A7, poor hepatic function and loss of cell polarity
[18]. Different cell culture techniques adopting defined culture media with growth
supplements, extracellular matrices, coculture with supportive non-parenchymal
cells (like endothelial and mesenchymal cells) using synthetic polymers and decel-
lularized liver scaffold-based tissue engineering improved hepatic functions in
HLCs [18]. Future development in this area will show the clinical applicability of
HLC:s in successful hepatocyte-based cell therapy in liver diseases.

11.4 Bone Marrow Cell Therapy

The bone marrow and liver have evolutionary conserved developmental relation-
ship. During the course of embryonic liver development in mammals, soon after
the liver progenitors invade the surrounding mesenchyme, the foetal liver is colo-
nized with haematopoietic progenitors and transiently becomes the principle hae-
matopoietic site. In the foetal liver, immature parenchymal and non-parenchymal
progenitor cells generate an environment that supports haematopoiesis.
Conversely, haematopoietic cells within the foetal liver provide cytokines and
growth factors (e.g. oncostatin M) to support the growth and maturation of hepatic
progenitor cells [21]. In normal hepatic tissue turnover, bone marrow cells do not
have any significant role; however in response to liver injury, they got activated
and then migrated and engrafted to the liver and support hepatic repair and regen-
eration of native cells for helping in resolution of damage [22]. Those cells which
migrated from the bone marrow to the liver in response to injury are mostly hae-
matopoietic stem cells (HSCs), and their progenitors, besides mesenchymal stem
cells (MSCs) and endothelial progenitor cells (EPCs), were also detected in the
liver. Very little is known about the specific role of these cells for liver tissue
repair and regeneration. Are these cells involved in the development and/or



184 A. Kumar

prevention of disease and how the liver regulates the migration and engraftment
of these bone marrow-derived cells are two burning questions in hepato-biology.
Based on in vitro and in vivo studies in animal model, it suggests that bone mar-
row-derived stem cells and their progenitors mainly help in (a) resolution of dam-
age, (b) providing various cytokines and growth factor for activation and
differentiation of native regenerating cells, (c¢) matrix remodelling and (d) replace-
ment of various non-parenchymal cells such as monocytes for Kupffer cells, EPC
for endothelial cells and MSCs for myofibroblast [22]. Some earlier studies have
also suggested the transdifferentiation of these cells to hepatocyte-like cells, but
enough in vivo evidences are still lacking. Major aims of bone marrow cell ther-
apy in liver disease are (a) to accelerate or restore native liver regeneration and (b)
resolve liver damage and fibrosis. Among different bone marrow cells discussed
above, the use of HSCs and MSCs has been explored mostly in management of
liver diseases. In this section we will describe the current status of HSCs and their
progenitor-based cell therapy in liver disease. MSC-based cell therapy will be
discussed separately in the next section.

HSCs are the only stem cells responsible for the continuous production of both
red and white blood cells. In adult human and mice, these cells are mainly localized
in the bone marrow. But in response to peripheral injury and even in normal static
condition, these cells come in to circulation and help in tissue repair and regenera-
tion. In normal static condition, these cells come into the circulation with daily cir-
cadian rhythm, traffic into the other tissues and come back to the bone marrow. The
rationale for this circadian circulation of HSCs is not clearly understood, but based
on limited animal data, it is believed that these rapidly recruitable cells support local
production of immune and inflammatory effector cells. These are involved for
effective eradication of subthreshold infections, clean up circumscribed regions of
cell death and replenish rare tissue-resident leukocytes such as dendritic cells that
are lost in the course of infection [23]. HSC are characterized by their expression of
surface markers, such as CD34, CD133 and CD90 in humans and c-Kit/Sca-1 in
mice. The first scientific evidence that bone marrow cells support liver regeneration
was published way back in 1999 in which Petersen et al. [24] showed that trans-
planted bone marrow cells contribute to hepatic stem cell production in animal
model of chronic liver injury. Since then these cells have been explored in many
clinical and preclinical studies for the management of liver disease. Similar to hepa-
tocytes, in vitro expansion of HSCs is difficult; hence autologous bone marrow was
used for cell therapy. HSCs are either isolated directly from bone marrow or from
the peripheral blood after their mobilization using granulocyte colony-stimulating
factors (G-CSF). In vivo expanded mobilization HSC was also used for cell therapy.
Both ex vivo and in vivo use of HSCs in preclinical animal studies and clinical trials
have been shown to be safe with potential clinical benefit. Though in animal studies
potential of HSC-based cell therapy has been explored in management of metabolic
liver disease as well as acute and chronic liver failure with encouraging results,
however, clinic usage was limited to later two indications. Globally till date more
than 200 chronic liver failure patients have been treated with HSC-based cell ther-
apy [25, 26].
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11.4.1 HSC-Based Cell Therapy in Chronic Liver Failure

In clinical studies unsorted bone marrow mononuclear cells, sorted HSCs and in vivo
G-CSF mobilized HSCs were mainly used for the cell therapy. In one randomized
clinical trial [27] with 47 decompensated cirrhosis patients, 32 patients were given
single dose of unsorted bone marrow mononuclear cells. After 24 months of follow-
up, these patients showed significant improvement in albumin and platelet counts
with reduction in bilirubin, INR, HE and SBP in comparison with 15 patients who
received standard treatment. Similarly the treatment of cirrhotic patients with sorted
CD34* cells showed significant improvement in liver function and Child—Pugh score
[25, 26]. In vivo HSC therapy is a simple and novel method, which does not require
any invasive bone marrow aspiration or in vitro manipulation of bone marrow stem
cells. In this process patients’ own bone marrow CD34* cells are mobilized to periph-
eral circulation using growth factors like G-CSF or CXCR4 agonists like AMD3100.
The treatments prevent the CXCR4-SDF1-mediated stem cells and their niche inter-
action leading to their mobilization to circulation. Mobilized CD34* stem or progeni-
tor cells move towards the tissue with high SDF1 gradient, for example, injured liver
tissue. Growth factor-mobilized bone marrow stem cell therapy in management of
liver disease was first shown by Di Campli et al. in 2007 [28]. They showed that
G-CSF treatment can effectively mobilize bone marrow stem cells in peripheral cir-
culation in dose-dependent manner in case of ACLF patients. Till date 138 out of 200
cirrhosis patients received HSC cell therapy were based on G-CSF-mobilized cells.
G-CSF-based bone marrow stem cell therapy had shown significant improvement in
patient’s outcome in both chronic and acute liver disease. Apart from improvement
in liver function and Child—Pugh score similar to in vitro in BM stem cell therapy,
G-CSF therapy had also shown fewer incidences of sepsis and improvement in HRS
and HE. Mechanistically, G-CSF therapy had shown to modulate the hepatic, biliary
and BM niches for regeneration. It stimulated HPC activation, reduced the number
of myofibroblast and increased self-replication of hepatocyte [25, 26].

11.5 Mesenchymal Stem Cell Therapy

Mesenchymal stem/stromal cells (MSCs) are adult, multipotent fibroblast-like cells
with characteristic feature of ability to differentiate into connective tissues like adi-
pocytes, chondrocytes and osteoblasts. Though first time these cells were identified
and isolated from the bone marrow, later it was found that MSCs were present in
every vascular tissue and play an integral role in repair of injured tissue. MSCs are
derived from the activated pericytes of injured blood vessel [29]. Activated native
tissue MSCs or exogenously infused MSCs secrete a spectrum of bioactive mole-
cules that create immunosuppressive environment around the damaged tissue, thus
preventing the development of any autoimmune activities. In addition, these
secreted bioactive molecules, through their trophic activities, establish a microenvi-
ronment to support regeneration and refabrication of the injured tissue. Apart from
these immunomodulatory and trophic functions, MSCs also secrete biomolecules
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Fig. 11.4 Diagram showing repair and regenerating potential of native and therapeutic infused
MSCs. In any vascular tissue following injury, pericytes get stimulated by soluble growth factors
and chemokines to become activated MSCs. Both native tissue MSCs and therapeutically infused
MSCs in response to native microenvironment secretes trophic (mitogenic, angiogenic, anti-
apoptotic or scar reduction), immunomodulatory or antimicrobial factors which helps in tissue
repair and regeneration. After the microenvironment is re-established, MSCs return to their native
pericyte state attached to blood vessels

with antimicrobial activity to protect regenerating tissue from microbial infection
(Fig. 11.4) [29, 30]. In this way MSCs serve as site-regulated, multidrug dispensa-
ries, or ‘drugstores’, to promote and support natural repair and regeneration of
injured tissue. Unlike hepatocytes and HSCs, MSCs can be isolated from several
tissues, exhibit a strong capacity for replication in vitro and are less immunogenic.
Hence source of MSCs is not a limiting factor for MSC-based cell therapy. MSCs
were first isolated from the bone marrow in 1966 by Friedenstein et al. [31] as an
adherent, fibroblast-like clonogenic cells (called colony-forming unit-fibroblasts
(CFU-F). Following these pioneering studies, several scientists have isolated and
cultivated the MSCs from different vascular tissues. However MSCs isolated from
different sources showed cellular heterogeneity but possessed similar property of
plastic adherence and fibroblast-like morphology; positive for surface markers
CD105, CD90 and CD73 with low levels of MHC-I; negative for surface markers
MHC-II, CD11b, CD14, CD34, CD45 and CD31; and multilineage differentiation
potential to osteoblasts, chondrocytes and adipocytes (defined by International
Society of Stem Cell Therapy [32]. Till date MSCs have been isolated from multiple
tissues, other than BM, including the skeletal muscle, adipose, synovial membranes,
saphenous veins, dental pulp, periodontal ligaments, cervices, Wharton’s jelly,
umbilical cords, umbilical cord blood, amniotic fluid, placentae, lung, liver and
skin. The unique properties of MSCs, including their multilineage differentiation
potential, their ready availability, extensive capacity for in vitro expansion, hypoim-
munogenicity, profound roles in immune modulation and tissue regeneration, have
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made these cells a suitable candidate for an array of applications for treating various
congenital and acquired diseases. Till March 2013, a total of 282 clinical studies
have been initiated to investigate the therapeutic potential of MSCs in various dis-
eases. Out of these 166 were in phase I (59%), 71 were in phase II (25%) and 11
(4%) were in phase III stages [33]. Till date clinical trials per year have increased
almost exponentially. For clinical applications, cultured allogeneic or autologous
MSC:s from the bone marrow, umbilical cord and adipose tissue are in use. Published
clinical studies have shown that both allogeneic and autologous MSCs are safe.

11.5.1 Mechanism of Action of MSC-Based Cell Therapy

In normal physiological state, MSCs are the integral component of vascular niche of
most of the adult stem cells and play an important role in regeneration of injured
tissue, as discussed above. Based on the available preclinical and clinical studies,
the therapeutic effects of MSCs are mainly shown through their immunomodulatory
and trophic functions. Apart from these, some investigators have also shown trans-
differentiation potential of MSCs to ectodermal and endodermal lineage cells,
including HL.Cs [33]. MSC-derived HLCs have been shown to compensate hepato-
cyte function in animal model of acute and chronic liver injury. In clinical studies
this transdifferentiation property of MSCs has not yet been reported, and therapeu-
tic effects of MSCs are mainly thought to be due to their immunoregulatory and
paracrine trophic functions. MSCs possess an arsenal of immunosuppressive mech-
anism which helps them in modulation of immune response. They have sentinel
functions which allow them to sense their microenvironment and can execute pro-
or anti-inflammatory response as per requirement. In response to injury, they
migrate to the site of injury, and depending on the microenvironment of injured site,
they either promote pathogen clearance through their pro-inflammatory functions or
suppress inflammatory response to prevent further immune-mediated injury and
execute the repair process [29, 30]. MSCs can modulate the immune response
directly through cell—cell interaction or indirectly through secretion of various
immune regulatory cytokines, chemokines and growth factors (e.g. prostaglandin
E2; TGFp1; HGF; SDF1a; nitrous oxide; indoleamine 2,3-dioxygenase; IL-4, IL-6,
IL-10 and IL-1 receptor antagonist and soluble TNF«. They prevent the prolifera-
tion and function of many inflammatory immune cells, including T cells, natural
killer cells, B cells, monocytes and dendritic cells. Through their paracrine effects,
indirectly, they promote the transition of THI1 to TH2 immune response by sup-
pressing cytotoxic T cell proliferation, activation of Treg cell proliferation and
polarization of M1 (pro-inflammatory, anti-angiogenic and tissue growth inhibi-
tion) to M2 (anti-inflammatory, pro-remodelling and tissue healing) type. MSCs
also serve as a trophic factor pool. After homing to the injured site, inductive signals
from injured tissue induce production of an array of different growth factors by
MSC:s that perform multiple functions for tissue regeneration. Many of these fac-
tors, as mentioned above, are critical mediators in angiogenesis, prevention of cell
apoptosis, activation and proliferation of native tissue regenerating cells and matrix
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remodelling. Persistent inflammation by the infiltrating inflammatory T cells, B
cells, monocyte, NK cells, neutrophils and dendritic cells is the major underlying
cause of liver injury. Both preclinically and clinically immunosuppressive therapies
have shown bifacial effects in management of liver disease, such as acute and
chronic alcoholic hepatitis. Suppression of inflammatory response is also critical for
the native tissue repair and regeneration. In animal model of liver injury, it has been
nicely demonstrated that transplantation of MSCs prevents the infiltration of
immune cells to injury site and prevent ongoing liver injury. Engrafted MSCs in the
liver have also shown to attenuate proliferation and cytotoxic effect of CD4 and
CDS8 T lymphocytes and significantly reduce the number of activated NKT cells in
animal model of acute liver injury [34]. MSCs were shown to secrete hepatocyte
growth factor (HGF) and epidermal growth factor (EGF) that promote hepatocyte
proliferation and vascular endothelial growth factors (VEGF) and insulin-like
growth factor (IGF) that prevent the apoptosis of hepatocytes. Apart from regulat-
ing parenchyma cells’ regeneration, MSCs have been also shown to be involved in
resolution of liver fibrosis directly by producing matrix metalloproteinase-9 (that
degrades the extracellular matrix) and indirectly either by preventing the collagen
production by activated myofibroblasts or inducing stellate cells apoptosis through
secretion of TNFa and nerve growth factors (NGF), respectively [29, 30, 33].

11.5.2 MSC-Based Cell Therapy in Acute Liver Failure

Preventing immune-mediated liver injury and potentiating the native liver regenera-
tion are the two major goals of MSC therapy in acute liver injury. The beneficial
effect of MSCs transplantation in management of ALF has been demonstrated in
both small and large animal models. MSC transplantation in mice and rats follow-
ing ALF had shown improvement in liver function and survival [33]. Zhao et al.
[34] have shown decrease of liver enzyme levels after MSC transplantation in CCl,-
induced ALF in rats. Similar to small animals, few studies have also shown the
significant improvement in survivable and liver function in animal model of ALF in
pigs. Cao et al. [35] had shown that intraportal infusion of human MSCs signifi-
cantly reduced liver inflammation, promoted liver regeneration and improved sur-
vival, whereas transjugular MSC injection did not. Similarly Zhu et al. [36] have
shown that systemic infusion of MSCs reduces concanavalin A (Con A)-induced
liver injury, when cells were transplanted just after injury (i.e. during injury phase)
not at later time. Both these studies suggested that time and route of infusion play
important roles in beneficial effect of MSC therapy in ALF. This also explains why
in many studies no beneficial effect of MSCs transplantation in ALF was achieved.
Moreover, Sun et al. [37] had shown that MSCs are the best cell of choice for
attenuation of liver injury in ALF. Though numerous studies at preclinical level
have shown the safety and efficacy of MSC:s, till date clinical studies using MSCs
in management of ALF are limited, and only one published report by Shi et al. [38]
showed that transfusion of MSCs is safe for the AGLF patients. This was an open-
level clinical trial in which 43 hepatitis B virus (HBV)-related ACLF patients were
enrolled for the study. Out of which 24 patients were treated with umbilical cord-
derived MSC. In 72 weeks of follow-up, no side effect was observed, and treatment
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group showed significant improvement of survival rates with increase of model for
end-stage liver disease scores, serum albumin level, cholinesterase, prothrombin
activity and platelet counts. MSC-treated patients also showed significant decrease
in serum total bilirubin and alanine aminotransferase levels.

11.5.3 MSC-Based Cell Therapy in Chronic Liver Failure

Fibro-inflammatory reactions and progressive loss of native liver regeneration are
the most important challenges in the management of CLF. Several studies have
explored the therapeutic potential of MSCs to prevent ongoing fibro-inflammatory
reactions and to potentiate liver regeneration in CLF. Preclinical studies have shown
MSC therapy prevents the hepatic necrosis, reduces collagen expression and liver
hydroxyproline content and improves the liver function, suggesting potential anti-
fibrotic and hepato-protective effect in CLF. Zhao et al. [39] had shown increase of
anti-inflammatory cytokines such as IL-10 and decrease of inflammatory cytokines
such as IL-1p, IL-6, TNFa and TGFf in mice that received intravenous infusion of
MSC:s. These cytokines reduced local inflammation and provided protection against
chronic liver injury. The protective effects of MSC transplantation on liver fibrosis
have been shown in rodents, but underlying mechanism of action is yet to be fully
understood. Several studies failed to observe significant beneficial effects of MSCs
in chronic liver injury model. Some studies observed no beneficial effects, while
others showed increase of liver fibrosis. These conflicting results are thought to be
due to cellular heterogeneity, different culture methods followed, diverse physio-
logical conditions when MSCs were transplanted and varying route of infusion.

Despite controversial results in preclinical studies, in the last few years numerous
clinical trials have been initiated to investigate the therapeutic potential of MSCs in
management of CFL. The first clinical use of MSC transplantation was attempted by
Mohamadnejad et al. [40]. This was a pilot phase I study in which 32 million autolo-
gous bone marrow cells were intravenously administered to four decompensated
liver cirrhosis patients. Until the follow-up period of 12 months, no severe side
effects were observed. Three out of four patients improved their model for end-stage
liver disease (MELD) scores at 6 months after transplantation, and two of them con-
tinued to improve up to 12 months. After these encouraging results, till date, more
than ten clinical studies have been conducted. Though most of the study showed
significant improvement in Child—Pugh and MELD scores, distinct clinical benefits
were not found. Similarly, the histological evidence of improvement in fibro-inflam-
matory reactions or native liver regeneration is still lacking [30, 41].

11.5.4 Challenges and Future Direction

Although MSCs have potentially broad-reaching clinical applications in liver dis-
ease, unequivocal beneficial effects are yet to be demonstrated. Overall, existing
favourable clinical evidences are quite poor, cells are often poorly characterized and
improvements have been claimed with inadequate experimental/control groups and
controlled randomization. Hence a robust phase II/III clinical trials with well-defined
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primary end points are warranted before claiming the success or failure of MSC
therapy in liver diseases. Secondly, the mechanisms allowing MSCs to improve clin-
ical parameters in liver disease are largely unknown. For example, it is not clear
whether MSC transplantation can prevent the fibro-inflammatory response and
improves the native liver regeneration in cirrhosis patients and whether these changes
will have any impact on the patient’s outcome and survival. In acute liver injury,
though the animal data are promising, further clinical well-controlled randomized
trial with defined primary and secondary end point is needed. MSCs are highly het-
erogenous in terms of source, isolation and culture methods, though these MSCS are
similar in some aspects but not identical and may have different therapeutic out-
comes in different injuries and tissues. The functions of MSC are highly sensitive to
the microenvironment; hence route and timing of therapy should be well character-
ized before their clinical translation. Finally, in most of the clinical studies of CLF,
autologous bone marrow MSCs were used for the therapy. Chronic liver patients
have persistent inflammatory state and increased systemic reactive oxygen levels and
toxins which may adversely affect the native bone marrow MSCs; hence the func-
tional efficacy needs to be assessed before transplantation [42].

11.6 New Horizons of Cell Therapy in Liver Diseases

The liver is the second largest organ of our body, and there are more than a hundred
different liver diseases with varying aetiology and pathogenicity; hence the thera-
peutic requirements are supposed to be different. Preventing ongoing injury and
restoring lost mass and functions are the two major goals of any therapy. Advances
in our understanding of native liver repair and regeneration as well as use of differ-
ent cells as cell therapy in the models of liver diseases suggested that each cell type
has unique biological functions and may have differential therapeutic action in dif-
ferent types of injuries. For example, MSCs have immunomodulatory capacity, and
cells of the haematopoietic lineage may have anti-fibrotic and pro-regenerative
effects; hence choice of therapeutic cells may need to be tailored to the type of liver
disease targeted, as the required therapeutic effects may be very different. As sum-
marized in Fig. 11.5, based on types of injury and therapeutic requirements, differ-
ent therapeutic cells may be needed. In metabolic liver diseases, there is inborn
liver-based defect in single enzymes or proteins due to mutation. In most of the
cases (except, ol-antitrypsin deficiency, haemochromatosis, Wilson’s disease,
hereditary tyrosinemia and cystic fibrosis), native liver architecture and cellular
composition are not disturbed. Hence, hepatocytes or HLCs with wild-type func-
tions are the best choice of cell therapy. But in case of metabolic liver disease like
al-antitrypsin deficiency, haemochromatosis, Wilson’s disease, hereditary tyrosin-
emia and cystic fibrosis, deficiency of particular proteins or enzymes leads to sub-
stantial damage of native liver architecture and fibrosis. In such conditions,
hepatocytes or HLCs alone may not be effective, but together with haematopoietic
lineage cells may be a better choice of the therapy. In acute liver injury, native
regenerative potential of the liver is patented, and immune-mediated massive death
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Liver injury Requirements Cell therapy
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Fig. 11.5 Diagram showing hypothetical need of different cell types in management of different
liver diseases. Each cell performs specific functions in context of different injuries. Hence depend-
ing on the type of liver injury, requirement of cells and their functions also varied with type of liver
injury. This figure suggests possible tailored cell therapy options for the major types of liver
disease

of hepatocytes is the major cause of liver failure. In such cases we need to stop the
ongoing immune-mediated injury so that native liver regeneration can effectively
restore the lost mass. Hence MSCs may be better cell choice for ALF or other
immune-mediated liver injuries (like autoimmune hepatitis and allograft rejection).
In chronic liver injury, native liver regeneration capacity is compromised, and lost
hepatic mass is mainly covered by extracellular matrices leading to cirrhosis. Hence
there is need to develop strategies to stimulate liver regeneration and reduce liver
scarring. Both these processes are inextricably linked, as efficient parenchymal
regeneration prevents fibrosis and reducing fibrosis has been shown to stimulate
native liver regeneration. In this regard, as discussed in Sect. 11.4, haematopoietic
lineage cells may serve as better therapeutic option. In haematopoietic lineage cells,
CD34- or CD133-positive haematopoietic stem cells have been explored in both
preclinical and clinical studies.

Recently macrophage, a haematopoietic lineage cells, has been shown to reduce
fibrosis and increase regeneration in a marine model of chronic liver injury [43].
Macrophage plays a central role in both native liver regeneration (discussed in Sect.
11.2) and resolution of fibrosis, thus holds a promising clinical cell therapy in man-
agement of chronic liver injury in the near future. Apart from haematopoietic lin-
eage cells, endothelial progenitor cells have also been shown to successfully reduce
fibrosis in a rodent model of liver cirrhosis [44]. As discussed in Sect. 11.2, regen-
erative angiocrine signals from liver endothelial cells are critical for successful
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regeneration, and loss of this support leads to compromised liver regeneration and
fibrosis in case of chronic liver injury. Hence endothelial progenitors may also serve
as good therapeutic cells for restoring native liver regeneration and reducing fibro-
sis in chronic liver injury. Similar to ALF, in ACLF too there is a massive immune-
mediated death of hepatocytes with damage of normal tissue architecture due to
pre-chronic injury. In this case, the native liver regeneration process is activated but
not at the same extent as seen in case of ALF due to tissue scarring. In such cases
we need to develop strategies to stop the ongoing immune-mediated injury as well
as to stimulate liver regeneration and reduce liver scarring. In this regard combina-
tion of both MSCs and haematopoietic lineage cells may serve as better therapeutic
cells of choice.

11.7 Conclusions

With advancement of our understanding on the roles of different hepatic and non-
hepatic cells in liver damage and repair, as well as encouraging results of cell ther-
apy in preclinical and few clinical studies, cell therapy has emerged as a potential
alternative therapy for the management of liver diseases. This holds great promises
to overcome the limitation of current conventional therapy. To date, cell therapy in
the form of hepatocyte transplantation has established as a treatment modality for
metabolic liver diseases. To prevent the ongoing injury and potentiate native liver
regeneration, different haematopoietic lineage cells and MSCs have been explored
in animal models of liver diseases. The results are found to be promising, but the
precise mode of action and optimal cell usage have not yet to be completely defined.
Moreover, precision knowledge is warranted as to what cellular and molecular sup-
ported are required in different types and severity of liver diseases. Nonetheless,
clinical trials of autologous haematopoietic lineage cells and MSCs for manage-
ment of liver diseases have just begun. While overwhelming published clinical data
suggest that cell therapy in liver disease is safe and has benefit effects, the major
concerns regarding route and time of administration still need to be worked out.
Hence more and larger randomized clinical studies are needed for rigorous testing
the safety and efficacy of different cell types in various conditions of liver injury.
Secondly, though wide ranges of disease severity have been included in clinical
scenario, the priority remains to irrefutably confirming the efficacy of cell therapy.
In this regard, selection of patients in which the benefits are reliably determined is
of greatest importance. For patients with cirrhosis/advanced fibrosis, the present
literature supports further studies with macrophages, HSCs, EPCs and BM-MNCss,
whereas the immunomodulatory/anti-inflammatory properties of MSCs require fur-
ther confirmation in immune-mediated liver injury. Future study may provide evi-
dence for tailoring of cell therapy towards specific liver injury.
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Regeneration of Lacrimal Gland: 1 2
Potential and Progress

Shubha Tiwari and Geeta K. Vemuganti

Abstract

Dry eye syndrome (DES) is a chronic debilitating condition with high incidence of
ocular morbidity. The most common factors associated with the development of DES
are low androgen pool, autoimmune diseases, contact lens wear, orbital radiation
therapy, etc. The current management of the disease aims at lubricating and hydrating
the ocular surface, which provide short-term palliative relief to the patients without
arresting/reversing the progression of the condition. This chapter reviews the option
of cell therapy with secretory competent ex vivo expanded cells or pharmacologically
recruited in situ stem cells that can be explored to repair/regenerate the damaged
gland, provide long-term relief to these patients, and improve their quality of life.
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12.1 Introduction

The human lacrimal gland (huG) is an important component of the lacrimal func-
tional unit (LFU), which works in a concerted fashion along with meibomian
gland, the conjunctival goblet cells, and the associated sensory and motor nerves
to maintain the health and stability of the ocular surface as shown in Fig. 12.1 [1].
The secretions of the individual components of the LFU contribute to the periocu-
lar tear film. Any disturbance in the composition of this tear film, which could be
caused because of disturbance/dysfunction of the various components of the LFU,
leads to the development of a chronic morbid condition called the dry eye syn-
drome (DES) [1]. Currently, there are no satisfactory therapeutic options for long-
term management of chronic DES. The available therapeutics provides short-term
palliation for the patients but is ineffective in arresting the disease progression.

CNS
Sympathetic Afferent nerves
nerves
Lacrimal
Parasympathetic Gallgrqyi
nerves —

P oo
<

Canalicull

Tear Sac

Melbomian
Glands

Tear Duct

Fig. 12.1 The lacrimal functional unit (LFU). The LFU consists of the lacrimal gland, the meibo-
mian gland, the conjunctival goblet cells, and the sensory/motor nerves that connect them. The
various components of the LFU work in a coordinated fashion to control tear composition and
secretion for a healthy ocular surface (Reproduced with permission from Elsevier [2])
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The present chapter outlines the basics of dry eye research with emphasis on
exploring the option of cell therapy for the long-term management of chronic
debilitating DES.

12.1.1 The Tear Film

The ocular surface is covered by a continuous sheet of stratified, nonkeratinized
epithelial cells, with a turnover of about 7-10 days [1]. It can be divided into three
distinct anatomic regions: the cornea, the conjunctiva, and the limbus, which sepa-
rates the two. The stability and integrity of this ocular surface depend not only on
the viability of the lining epithelial cells but also greatly on the stability of the tear
film that covers the anterior surface of the eye. The tear film is a tri-layered, physi-
ological secretion contributed by the lacrimal gland, meibomian gland, as well as
the conjunctival goblet cells. The outer thin lipid layer (0.2 pm) is secreted by the
meibomian glands, the middle bulk of aqueous layer (3-8 pm) by the lacrimal
gland, and the inner mucinous layer (1 pm) is secreted by the conjunctival goblet
cells. These three layers of the tear film are maintained in a state of dynamic equi-
librium. The important constitutes of the tear film are electrolytes like sodium,
potassium, calcium, magnesium, bicarbonate, and chloride; major proteins like
lysozyme, lipocalin, lactoferrin, scIgA, albumin, and IgG; lipids like phosphatidyl-
choline and phosphatidylethanolamine; mucins like MUC4, MUC5AC, and MUC;
and small amounts of defensins, catalase, and cytokines. Together these maintain
the osmolarity and unique functions of the tear film [3]. The tear film is responsible
for maintaining the health, viability, and transparency of the ocular epithelium,
which in turn determines the quality of image projected onto the retina for cortical
sensing [3].

12.1.2 Human Lacrimal Gland: Embryology, Structure,
and Function

Lacrimal gland is a tubo-acinar exocrine gland located in the superior fornix of
conjunctiva with an orbital and palpebral component, which drains its secretions
through a major duct that opens into the superior fornix. The eye also has additional
accessory lacrimal glands that open up directly into the conjunctival/forniceal sur-
faces. Embryologically, the two components of the lacrimal gland develop in a
sequential manner, from the ectoderm of the superior conjunctival fornix in human
embryos of a crown-rump length of 22-24 mm [4]. The orbital lobe develops first
from the proliferation of conjunctival fornix epithelial cells in the form of five or six
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epithelial buds followed by the palpebral lobe. The two are separated by the levator
muscle tendon, which forms during the 12th week of development. An important
study by Caudra-Blanco et al. [4] in 2003 established a precise morphogenetic time-
table for the development of the human lacrimal gland by dividing the development
of the gland into the various O’Rahilly stages with stages 19-23 being the central
phases for LG development.

The human lacrimal gland is a mixed seromucous, tubuloacinar, almond-shaped
exocrine gland located in the shallow depression of the frontal bone called the
fossa glandulae lacrimalis. Histologically, the lacrimal gland has four basic cell
types: the pyramid-shaped secretory acinar cells which synthesize and secrete the
tear proteins, the double-layered ductal epithelial cells that collect and transport
the secreted products to the ocular surface by anastomizing with the nasolacrimal
duct (NLD), the myoepithelial cells which envelop the two and cause them to con-
tract and expel their contents forward, and the interstitial fibroblast which secretes
the extracellular matrix. In addition, the tissue is also inundated with mast cells
(secrete heparin and histamine), trafficking B and T lymphocytes as well as plasma
cells which synthesize the J chain of IgA and contribute to ocular immunity [5].

The acinar cells of the gland as well as the ductal cells are epithelial in nature.
However, the acinar epithelium is columnar with basally located nucleus and a large
perinuclear Golgi body, while the ductal cells are more cuboidal. Both the acinar
and the ductal cells have a distinct polarity imparted by the basement membrane.
This cellular polarity is essential for the secretion of water, electrolytes, and pro-
teins. The apical portion has a number of periodic acid-Schiff base (PAS)-positive
secretory vesicles. The cells are chemically and electrically coupled as well as
mechanically attached with each other via large junctional complexes and gap junc-
tions like connexins 26/32. The basolateral membranes have a number of receptors
for neuropeptides, hormones, and growth factors, which influence the secretory
functions of the cells. The myoepithelial cells, on the other hand, have a stellate/
spindle-shaped morphology. They have numerous G-protein-coupled receptors and
other signaling components, but their exact role in the production of lacrimal fluids
is not very clear [5].

Protein secretion by the lacrimal gland primarily involves fusion of the vesicle
with the apical membrane. The secretory process is regulated by the nerves that
innervate the gland (both the sympathetic and parasympathetic division of the
autonomic nervous system) and their associated transmitters and peptides [6, 7].
A number of studies have shown the importance of neurohormonal control of
lacrimal secretion. This control is exerted via acetylcholine receptors like musca-
rinic M3 [8], vasoactive intestinal peptide types I and II, and norepinephrine like
a-1 and B. Other receptors present are for neuropeptide Y, adrenocorticotrophic
hormone (ACTH), and a-melanocyte-stimulating hormone. Secondary messen-
gers like IP3 also play an important role in stimulating the cells by diffusing
between the cells due to the nature of extensive coupling seen in the cellular
architecture [5, 6, 9].
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12.2 Dry Eye Syndrome and Current Therapies

The dry eye syndrome (DES) is a chronic, debilitating, multifactorial disease due to
the destruction or dysfunction of any component of the lacrimal functional unit. The
International Dry Eye Workshop (2007) [1] has defined the disease: “Dry eye is a
multifactorial disease of the tears and ocular surface that results in symptoms of
discomfort, visual disturbances and tears film instability with potential damage to
the ocular surface. It is accompanied by increased osmolarity of tear film and
inflammation of the ocular surface.”

The DES can be broadly classified into aqueous-deficient (due to lacrimal dys-
function) or evaporative (meibomian dysfunction) DES. There are a number of fac-
tors that have been associated with DES [1]. The most common ones are (a) primary
lacrimal gland dysfunction due to reduction in circulating androgens; (b) secondary
lacrimal gland dysfunction due to sarcoidosis, lymphoma, etc.; (c) autoimmune dis-
eases like Sjogren’s syndrome; (d) reflex hyposecretion as in contact lens wear, dia-
betes, exposure to systemic drugs like antihistamines, beta-blockers, etc.; (e) orbital
radiotherapy for ocular malignancies; and (f) meibomian gland dysfunction.

The patients with dry eye present with complaints of ocular itching, grittiness,
increased tearing, and blurred vision. The diagnosis for the condition is made based
on Schirmer score values, physical eye examination, and fluorescein staining
(Table 12.1) [10].

The important pathological features of DES include increased epithelial prolif-
eration, stratification, and abnormal differentiation with maintenance of a basal phe-
notype [11]. Invariably this is also associated with a gross reduction in the secretory
and membrane-bound mucins by the conjunctival goblet cells, which compounds
the effects of the underlying lacrimal dysfunction [12].

DES has a global burden of 11-22% with nearly one-fourth of it being aqueous-
deficient DES [13]. In the Indian sub-context, these numbers are even higher ranging
from 18.4 to 20% in the general population and about 29.29% in the hospital setting
[14, 15]. Research efforts in elucidating the mechanism of development and progres-
sion of DES have definitely increased our understanding of the condition; however,
the management options have not been able to keep pace with this surge in knowl-
edge. Even today the primary management aim in DES is palliative with the patient
being highly dependent on the hydrating/lubricating eye drops like hydroxymethy]l
cellulose, solutions containing bicarbonates and potassium, hyposmotic artificial tears

Table 12.1 Schirmer’s score interpretation  (Cjagsification Schirmer values (mm)
Grade 1/normal Variable/10-15
Grade 2 dry eye <10
Grade 3 dry eye <5
Grade 4 dry eye <2

Adapted from DEWS, 2007 [1]
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Current therapies for dry eye syndrome
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Fig. 12.2 The management algorithm for dry eye syndrome (Adapted from DEWS, 2007 [10])

(Hypotears®, Novartis Ophthalmics), and artificial serum. In cases of severe dry eye,
anti-inflammatory medications (cyclosporins A, corticosteroids) and pharmacological
tear stimulants like diquafosol, rebamipide, ecabet sodium, pilocarpine, etc. are often
prescribed. The more drastic surgical management options are punctal occlusion and
salivary gland autotransplantation (Fig. 12.2) [10]. Even though there are a few reports
in literature of using these methods in chronic, severe DES, yet none of these have
been shown to effectively manage the condition on a long-term basis.

12.3 Leading Research Toward Lacrimal Gland
Regeneration: Tissue Engineering and Cell Therapy

On the recommendation of the therapy and management committee of the Dry Eye
Workshop (2007) [10], the management option for DES is now shifting toward
employing methods that would provide longer-term relief by increasing the natural
production of tears, reducing/eliminating ocular surface inflammation, and main-
taining ocular surface integrity. One important therapeutic modality that is being
considered for long-term management of chronic DES is cell therapy for regenera-
tion of the gland.
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The concept of cell therapy evolved with the pioneering work of Dr. Paul Niehans
in 1931, who injected a solution of calf parathyroid cells into a patient with damaged
parathyroid gland. The patient recovered and a new field of medicine called the regen-
erative medicine was born with it. Regenerative medicine has two arms—cell therapy
and tissue engineering. The former deals with the use of cells (of any source) for the
prevention, mitigation, or cure of a disease, while the latter employs interdisciplinary
knowledge to create biological substitutes that would restore, maintain, or improve
organ function after damage/destruction. Regeneration of the lacrimal gland is a com-
plex endeavor. It involves taking into consideration various factors like source of cells,
scaffold, maintenance and integrity of these cells/scaffolds in vivo, and the integration
of such an engineered gland with the sensory/motor nerves and blood vessels.

Attempts at regeneration of the lacrimal gland using two- or three-dimensional
(2D or 3D) lacrimal gland constructs [16] or by using bioengineered organs have
been made using the organ germ method [17]. Two-dimensional lacrimal gland con-
structs have been made using amniotic membrane as the scaffold on which the lac-
rimal acinar cells are grown [18]. The amniotic membrane, which is already in
clinical use in ophthalmic conditions like pterygium, ocular surface reconstruction,
has been found to be a suitable transplantation substrate as it supports the adhesion,
proliferation, migration, and differentiation of epithelial cells. When the lacrimal
acinar cells are seeded onto the denuded amniotic membrane, they form cell clus-
ters, which grow in size and also form stratified layers. These cells were shown to
maintain their histological features of having acinar cells and a central lumen, cel-
lular polarity, basally located nucleus, apical secretory granules, and microvilli. The
cells also responded to carbachol stimulation by releasing (-hexosaminidase.
However, the cell clusters showed necrotic cells at the center and reduction in secre-
tory activity with increasing duration in culture [18].

Three-dimensional lacrimal gland constructs have been made using rotary cell cul-
ture system [16]. In this system, the simulated microgravity promotes the formation of
lacrimal spheroidal aggregates with an average diameter of 384.6 = 111.8 pm after
7 days. These spheroidal aggregates were shown to have acinar cells with secretory
granules and a central lumen. The cells also responded to carbachol stimulation, which
increased significantly between days 12-21 and 21-28 in culture. However, a major
limitation of this culture system is the presence of apoptotic center in the aggregates at
all times; the development of which correlated with the size of the spheroid [16].

12.3.1 Bioengineered Organs Constructed Using the Organ Germ
Method

The organ germ method uses the developmental processes seen during organogen-
esis to construct artificial organs capable of regenerating the damaged organ/tissue.
It has been used to successfully develop ectodermal organs like teeth and hair fol-
licles and is being investigated for potentially regenerating other ectodermal organs
like the salivary and lacrimal gland. The method uses multicellular assembly,
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manipulation of epithelial-mesenchymal interaction, and high-density cell compart-
mentalization in type I collagen gel matrix as organ engineering technology to
reconstruct bioengineered organ germs in vitro.

In order to investigate the efficacy of this technique to regenerate bioengineered
lacrimal gland, the organ germ was reconstituted using epithelial and mesenchymal
cells from ED16.5 mouse [17]. These cells could successfully develop branching
morphogenesis, stalk elongation, and cleft formation in vitro in the same morpho-
genetic timeline as is seen during organogenesis.

When this bioengineered lacrimal gland was transplanted into a LG-deficient mouse,
along with an associated bioengineered duct, the transplant formed appropriate histoar-
chitecture including acinar, myoepithelial, and ductal cells, as well as nerve fibers. The
transplants were also shown to secrete tears in response to ocular surface cooling stimu-
lation, thereby indicating integration with the ocular tissues and the neural system. The
study also showed the protective effect of these bioengineered lacrimal gland constructs
on the ocular surface as they could prevent the development of ocular surface damage
associated with lacrimal gland dysfunction in these transplanted animals [17].

12.4 Lacrimal Gland Cultures with Secretory Function:
Animal and Human Studies

An important area of consideration for regenerative medicine is the source of cells
that would be used for transplantation. These cells need to fulfill some stringent cri-
teria for successful transplantation. They need to have a pool of differentiated cells
to take over the function of the damaged tissue as well as have stem/progenitor cells
to maintain cell population. These cells also need to be able to respond to the adja-
cent environmental cues and conditions as well as integrate with the host tissues.

12.4.1 Animal Studies

Studies investigating the potential of animal lacrimal gland to be cultured in vitro,
their secretory potential, have been evolving for close to three decades now. Oliver
etal. [19] published one of the first studies describing a protocol for culturing divid-
ing population of rat lacrimal acinar cells on reconstituted basement membrane gel.
These cells were shown to proliferate and also have cytoplasmic secretory granules
indicating their potential to synthesize tear proteins. However, these acinar cells
could only be maintained for 67 days after which fibroblasts overgrowth changed
the culture characteristics. The first successful protocol for in vitro culture of animal
lacrimal acinar cells was published by Meneray and Rismondo [20, 21]. The culture
protocol was further optimized and refined by Schonthal who published his study on
rabbit lacrimal acinar cells using EGF, dihydrotestosterone (DHT), Matrigel, and
HepatoSTIM culture media [22]. Since then, animal lacrimal acinar cells have been
grown on polyethersulfone dead-end tubes, denuded amniotic membrane, and under
rotary culture conditions [16, 18, 23].
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12.4.2 Human Studies

There is a huge gap in literature regarding in vitro data from human lacrimal gland
owing to the difficulty in obtaining lacrimal tissue. Yoshino published one of the first
studies with cadaveric human lacrimal gland tissue and showed that human lacrimal
acinar cells could be grown in vitro, albeit for a short period of time [24]. However,
to be considered as a source of transplantable cells, we need cells with longer dura-
tion of viability and with a potential to self-renew. Toward the long-term goal of
potential cell therapy for lacrimal gland regeneration, our lab has been working
toward developing adherent and suspension cultures of human lacrimal gland in vitro.
We have shown that human lacrimal gland cells can be successfully cultured in vitro,
both as adherent monolayer and lacrispheres in suspension for more than 30 days
[25]. The cultures of lacrimal gland cells obtained from enzymatically digested fresh
gland reveal a heterogeneous population of epithelial cells, mesenchymal cells, and
myoepithelial cells. On exploring for stem cell marks, we found about 6.7 + 2.0% of
the cell population from the native tissue at isolation contain stem cell markers as
identified by CD117 expression. Another promising outcome of this work was pro-
viding evidence of secretion of tear substances by the cultured lacrimal gland cells
into the conditioned media. The adherent cells secrete 47.43—-61.56 ng/ml of scIgA,
24.36-144.74 ng/ml of lysozyme, and 32.45-40.31 ng/ml of lactoferrin on Matrigel.
These cells can be grown for sustained period of time in vitro using supplemented
HepatoSTIM media and were shown to have optimum proliferative and secretory
capacity on Matrigel. Another important and novel observation made in our study is
the potential of these cells to spontaneously generate adherent spheres and what
appeared to be duct-like connections between these spheres (Fig. 12.3) [25]. This
prompted us to explore the option of generating nonadherent 3D spheroidal aggre-
gates, which we termed as “lacrispheres.” These lacrispheres have a higher propor-
tion of stem cells when compared to the adherent cultures (0.8% versus 0.2% c-kit+
cells). The potential of human lacrimal glands to expand in cultures, with the pres-
ence of both stem cells and differentiated cells capable of secreting tear substances
and a potential to form 3D structures similar to the native lacrimal gland, is a very
promising evidence that we believe would pave way for cell therapy in the future.

Fig. 12.3 Human lacrimal gland-adherent cultures. Cells isolated from fresh human lacrimal
gland proliferate in vitro to generate a monolayer by day 14-16. By day 18, spontaneous-adherent
spheres are generated on the spheres with duct-like connections that develop between them
(Reproduced with permission from Elsevier [2])
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12.5 Modification of Tear Substitutes

Modification of tear substitutes is another important avenue that is being explored
for better management of chronic DES. Presently, the tear substitutes available to
the patient do little to halt the progress of this debilitating condition. They merely
provide short-term palliation. Since they need to be instilled in the eye several times
a day, the patient compliance associated with them is also pretty low, which is a
confounding factor in the management of the condition.

Serum and saliva are recently being investigated and advocated as natural tear
substitutes for the management of chronic DES. A study comparing the toxicity of
these natural substitutes (saliva, isotonic saliva, 50% serum, and 100% serum) with
pharmaceutical tear substitutes has shown them to have lesser toxicity and greater
therapeutic potential. The results of the study indicate that 100% serum and isotonic
saliva would offer better management potential for chronic DES [26].

12.6 Pharmacologically Induced Regeneration

The concept of pharmacological induction of tissue regeneration is being investi-
gated in the field of salivary gland regeneration postradiation damage. It has been
shown that postradiation administration of EDAR-agonist monoclonal antibody
(mAbEDART1) into mouse model of radiation injury rescues function as evaluated
by stimulated salivary flow rate [27]. This concept has not been investigated in lac-
rimal gland injury models, but owing to the similarity in the organogenesis of both
the lacrimal and salivary gland, it is an option worth exploring.

12.7 Advances in Cell Therapy in Other Exocrine Tissues

The field of regenerative medicine is still in its infancy. However, the vast amounts
of research, immense amount of accrued knowledge, and the need at point of ser-
vice have pushed a number of cell therapies into clinical setting. Some of the note-
worthy ones are the cell therapy/tissue engineering for bladder regeneration and
tracheal regeneration.

In the study for bladder regeneration, Dr. Anthony Atala and colleagues used
the concepts of regenerative medicine to repair the organ in human patients [28].
Urothelial and muscle cells were expanded in vitro and seeded on bladder-shaped
scaffold made of collagen or a composite of collagen and polyglycolic acid. After
about 7 weeks of ex vivo expansion, these autologous bladder constructs were
implanted into the patients with and without omental wrap. A follow-up period
ranging from 22 to 61 months (mean, 46 months) showed that postoperatively, the
mean bladder leak point pressure decreases at capacity and the volume and com-
pliance increases were greatest in the composite-engineered bladders with an
omental wrap (56%, 1.58-fold and 2.79-fold, respectively). Bowel function
returned promptly after surgery, mucus production was normal, and renal function
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was preserved. The engineered bladder biopsies showed an adequate structural
architecture and phenotype [28].

In tracheal regeneration, Macchiarini et al. [29] reported successful clinical
implantation of donor-derived tissue-engineered trachea combined with the recipi-
ent’s epithelial cells and chondrocytes. The group further optimized the technique
and in 2011, along with Alexander Seifalian, designed, built, and transplanted a
polymer-based nanocomposite tracheal scaffold seeded with autologous stem cells
into a 36-year-old male patient with promising results [30].

Exocrine glands like pancreas and salivary gland are also being targeted as can-
didates for cell therapy. Transplantation of insulin-producing islet cells, either alone
or as alginate-encapsulated entities, has been transplanted into chronic diabetics
whose condition cannot be effectively managed by antidiabetic drugs. Transplanting
islet cells, using the Edmonton Protocol, was first performed by Dr. James Shapiro
in 2000 [31, 32]. Even though the initial success rate of this procedure was quite
impressive—a year posttransplant—50-68% of patients did not required additional
insulin [30], but by 5 years after the procedure, these numbers dropped down to less
than 10% [33]. Other options like transplanting pancreatic 3-cell precursors are also
being investigated. These cells have an advantage over mature islet cellsin that
unlike the P cell they can be fine-tuned in vitro to produce all the cells of the islet,
with the advantage that they would be able to coordinate insulin release in response
to blood glucose levels [34].

More recently, VC-01, a stem cell-derived, alginate-encapsulated p-cell replace-
ment therapy is being investigated under clinical settings. The major advantage of
these encapsulated B-cells is that they can assess the patient’s glucose level in the
blood, and the alginate encapsulation protects the cells from being attacked and
destroyed by the immune system. Preclinical studies have shown favorable effect of
the therapy in lowering blood glucose levels in murine diabetic models. However, its
safety, efficacy, and therapeutic potential in humans are still under investigation.

Another exocrine gland where the option of cell therapy is being explored is the
salivary gland to repair the damage caused due to radiation to the head and neck
region for oral malignancies [35]. Bone marrow- and adipose-derived mesenchymal
stem cells are being investigated to study the effect on functional recovery of the
gland in Sjogren models and radiation-induced injury models. Human amniotic epi-
thelial cells are also being investigated for their potential to regenerate the salivary
gland acinar cells.

Various other approaches like pharmaceutical stimulation of EDAR receptors,
cytokines, etc. are being investigated to determine the potential of these strategies to
give long-term relief to patients suffering from dry mouth syndrome. Studies by
Lombaert et al. [36] have shown that DN23-KGF treatment for 4 days prior to
irradiation-induced salivary gland proliferation in all cell types, especially in stem/
progenitor cells, increased their pool. However, KGF has the potential to induce
tumorigenic proliferation of cells, thereby significantly limiting its use. Another
important study by the same group has shown that transplanting 300 c-kit+ cells
into murine models of radiation injury could restore the morphology and function
of the submandibular salivary gland on a long-term basis [37].
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Owing to its similarity with the lacrimal gland, it is always an area of research

that should be looked closely at because the options that work in the case of salivary
gland could very well work for lacrimal gland regeneration too.

Conclusion

Work from our laboratory and work from the laboratory of many others around
the world have now shown that lacrimal gland can be successfully grown and
maintained under in vitro conditions with retained secretory functions. This is an
important step toward cell therapy for chronic aqueous-deficient dry eye.
However, before we take that leap of faith, we need to address important ques-
tions like safety and efficacy of the transplanted cells, their potential to integrate
with the host tissue, as well as the surrounding neural network. At the same time,
profiling the entire secretory repertoire of these acinar cells would enable the
formulation of natural tear substitutes. On a parallel front, localization studies to
investigate the in situ stem cell niche within the lacrimal tissue would also open
up the option of pharmacologically stimulating these resident populations of
stem cells for tissue regeneration.
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Abstract

Hope from the regeneration promoting effects of stem cells have provided new
insights for understanding diseases that were previously thought to have a limited
prognostic improvement upon medical intervention. This is especially indicated
in neurodegenerative diseases, which until the discovery and research in stem
cells were thought to have minimal regenerative capabilities. This review covers
various treatment modalities involving different types of stem cells, such as
human embryonic stem cells, induced pluripotent stem cells, mesenchymal stem
cells and neural stem cells, which have been tested for various neurodegenerative
disorders such as Multiple Sclerosis, Alzheimer’s disease, Parkinson’s disease
and Age Related Macular Degeneration.
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Abbreviations

AHSCT Autologous hematopoietic stem cell transplantation
AMD Age-related macular degeneration

aNSCs Adult neural stem cells

CNS Central nervous system

EAE Experimental autoimmune encephalomyelitis
GID Graft-induced dyskinesia

hPDLSCs  Human periodontal ligament stem cells

MS Multiple sclerosis

MSC Mesenchymal stem cell

MSC-NPs  Mesenchymal stem cell derived-neural progenitors
MSCs Mesenchymal stem cells

NPC Neural precursor cell

NSCs Neural stem cells

OPCs Oligodendrocyte progenitor cells

PPMS Primary progressive MS

RPCs Retinal progenitor cells

RPE Retinal pigment epithelium

RRMS Relapsing-remitting disease

S-MSCs MSCs isolated from skin tissue

SPMS Secondary progressive MS

sTNFR1 Soluble TNF receptor 1

TEPs Thymic epithelial progenitors

TNF-a Tumor necrosis factor o

VPA Valproic acid

13.1 Introduction

Neurodegenerative diseases, such as spinal cord injuries (SCI), multiple sclerosis
(MS), Alzheimer’s disease, Parkinson’s disease, age-related macular degeneration,
etc., have serious pathology affecting persistently public health and medical prob-
lem. The self-renewing property of stem cells and their differentiation into special-
ized cell type(s) make them unique and have the potential to repair the damaged
organs. It has been proved as a boon for bone marrow transplantations in million
patients worldwide for the treatment of leukemia, anemia, or immunodeficiency.
The potential of mesenchymal stem cells (MSCs) and neuronal stem cells (NSCs)
in multiple sclerosis (MS) has been promising. The use of stem cell therapy shows
increased neuroprotection and decreased neuroinflammation, which decreases pro-
gression of the disease while alleviating neuronal deficits. The use of stem cells in
Alzheimer’s disease (AD) and age-related macular degeneration (AMD) still has to
pave ahead to provide conclusive results. The use of iPSCs in animal models, how-
ever, does show a promising avenue for reducing memory deficit as well as
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neuroinflammatory processes in the CNS. The major roadblock for the use of stem
cells in Parkinson’s disease (PD) was the development of graft-induced dyskinesia
(GID) upon transplantation of stem cells. The bulk of the research is focused on
reducing GID and the use of parthenogenetic stem cells in PD. There is hope for the
use of stem cells in the future for PD; however, it is still a long thoroughfare ahead.
The primary issue concerning the use of stem cells in age-related macular degenera-
tion is the intricacy in replacing the retinal pigment epithelium, rods, and cones,
which is challenging with stem cell therapy.

Other issues spinning around the wheel for the use of stem cell for various neu-
rodegenerative disorders involve the prospect of neoplastic transformation of the
newly transplanted stem cells into the subject. Another area of concern with stem
cell therapy delves into the ethics involved in obtaining embryonic stem cells and
their use as a modality of treatment. Stem cells provide bright possibilities for new
treatment modalities to prevent the onset and progression of many diseases previ-
ously not treatable; however, these small pebbles in the form of research and clinical
trials have to lay concrete to build a path to prove its long-term efficacy and to alle-
viate ethical concerns associated with it.

13.2 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disorder in which T cells attack the cen-
tral nervous system, thus damaging neuronal axons and myelin sheaths. The disease
is a major cause of non-traumatic neurological disability that affects more than 2.5
million people worldwide. According to the current estimates, more than 400,000
people in the United States have MS. There is a relatively high prevalence of MS in
Europe and North America, 1 in 800, with an annual incidence of 2—10 per 100,000
individuals. In India, the prevalence is relatively less, which may be an underestima-
tion, but it is definitely not as high as the rates found in high-prevalence temperate
zones. The natural history of MS is unpredictable and has been discussed for several
decades. The 80-90% of patients with MS have a relapsing-remitting disease
(RRMS) course in the following 10 years after initial presentation. The disease
begins with an initial attack (episode of symptom flare-ups) followed by a period of
remission that could be as long as 2 years, a second attack is followed by either
another period of remission or progression, and this is termed secondary progres-
sive MS (SPMS). Eventually, remissions are of shorter durations, relapses become
longer, and finally the patient enters a progressive stage. Patients with primary pro-
gressive MS (PPMS) undergo continuous worsening of neurological disability right
from the disease onset with no relapse or remission and affects 10—15% of patients.

Current therapeutic strategies for MS patients are based on immunomodulation and
immunosuppressive approaches that are only effective in the prevention of relapses and
in the slowing down of the progression of the disease, but not completely cure. This is
because of limited understanding of the pathogenic mechanisms underpinning disease
progression. Therefore, therapies reversing or at least halting progression of MS are
required. Stem cell transplantation has shown remarkable promise in recent years in the
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treatment of various diseases. Stem cells have the ability to renew and differentiate into
many different cell types of the body. There are various types of stem cells of impor-
tance in relation with MS; these are adult stem cells (ASCs), embryonic stem cells
(ESCs), and induced pluripotent stem cells (iPSCs). ESCs are incredibly valuable for
regenerative medicine. However, they have certain limitations which include ethical
concerns and the possible formation of teratoma if the cells are not properly differenti-
ated before transplantation. Another concern is the chance of rejection of the trans-
planted cells. ASCs or somatic stem cells also hold much promise in the treatment of
neurodegenerative disorders and demyelinating diseases including MS. In this chapter
we highlight the application of different stem cells in animal models and clinical trials
conducted in the treatment of MS.

13.2.1 Experimental Studies with MSCs in MS

Stem cells have the potential to differentiate into various cell types, replenish worn
out or damaged tissue, and eventually recuperate lost functions [1]. Primarily two
categories of stem cells are used in the treatment of experimental autoimmune
encephalomyelitis (EAE); these are MSCs and NSCs. EAE is a commonly used
animal model, which mimics some of the properties of MS. Mesenchymal or stro-
mal stem cells, emanating from mesoderm, possess the capability of multipotency
and self-renewal. MSCs can be obtained from the bone marrow, adipose tissue, and
umbilical cord blood and can be differentiated into desired cell type. MSCs modu-
late the immune system. This is encouraging for their use as a therapeutic approach
for MS. Both in vitro [2] and in vivo studies [3] have revealed the remarkable poten-
tial of MSCs to suppress the proliferation of T cells and preventing autoimmune
attack against myelin antigens. According to the various studies, MSCs have shown
the ability to promote neuroprotection as well as to modulate the immune system in
EAE.

It has been shown that MSCs improve the clinical score when injected intrave-
nously at disease onset or peak in EAE animal model and prevent immune-mediated
myelin damage in the CNS. However, when the cells are administered during the
chronic stage of disease, clinical symptoms reveal least improvement [4]. Similarly,
intravenous administration of these cells is believed to augment the histological
scores of the disease in mice induced with EAE as demonstrated by Zhang et al. [5].
The investigators also reported oligodendrocyte synthesis after MSCs were injected,
which might have occurred due to the release of various neurotrophic factors by
transplant. Subsequently, another group of investigators found that MSCs are
endowed with neuroprotective and immunomodulatory property in EAE-induced
animal models. Their findings also revealed that the degree by which MSCs co-
localized with cells expressing neural markers was least indicative that MSCs had
transdifferentiated into other cell types in response to disease induction [6]. Also,
when MSCs are injected into SJL mice induced with EAE, there is a reduction in the
production of proteolipid protein (PLP)-specific antibodies. This indicates that
humoral immune response is inhibited which further ameliorates the disease
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symptoms. At the same time, it was also found that there was no transdifferentiation
of MSC:s into neural cells. However, neural stem cells [7] and neural precursor cells
derived from human embryonic stem cells [8] showed immunomodulatory and neu-
roprotective properties when administered in EAE-induced mice [9].

Although there are concerns over the transdifferentiation potential of MSCs, it
is known that MSCs have the potential to differentiate into mature mesoderm-
derived cell types such as the bone, cartilage, and fat [10]. Kopen et al. reported
that MSCs cannot be transdifferentiated into nerve cells after transplantation into
the central nervous system of EAE-induced mice [11]. More importantly, MSCs
recruit local neural precursor cells and probably repair the endogenous cells result-
ing in neurogenesis and remyelination. Apparently, there is a secretion of antiapop-
totic factors [12] and neurotrophins [13] in CNS, which lead to neuroprotection
suggesting that these stem cells may be regarded as tolerogenic cells [14]. In addi-
tion to immunomodulatory, immunosuppressive, and neuroprotective properties
exhibited by MSCs, these cells also show a vigorous antioxidant effect in mice
affected by EAE [15].

A recent study showed that MSCs in combination with resveratrol is neuropro-
tective in EAE model of MS. The combined effect reduced the disability score and
suppressed the secretion of pro-inflammatory cytokines, thereby alleviating neuro-
logical symptoms [16]. In addition, administration of MSCs isolated from skin
tissue (S-MSCs) improved the disability score of EAE by inhibiting the differentia-
tion of T helper 17 (Th17) cells. Tumor necrosis factor (TNF)-a is a key pro-
inflammatory cytokine capable of promoting Th17 cell differentiation. It has been
demonstrated that ample amount of soluble TNF receptor 1 (sSTNFR1) are secreted
by S-MSCs, which binds with TNF-a ligand. Eventually bound ligand receptor
shows neutralized function, and thereby Th17 cell differentiation is inhibited.
These findings suggest a novel mechanism underpinning MSC-mediated immuno-
modulatory function in autoimmune disorders [17]. MSCs derived from adipose
tissue showed similar findings when infused intravenously in chronic EAE female
rats. The number of infiltrated immune cells and axonal damage was found to be
decreased significantly in treated animals with MSCs. The findings also demon-
strated down-regulation of interleukin-17 expression in treated animals.
Furthermore, the cells were engrafted into the brains and lymph nodes up to
25 days of post-administration. A significant finding was the increased expression
of the human HLA-G gene in the brains and lymph nodes of rats treated with stem
cells. It was discovered that these cells show beneficial effects when transplanted
in the later irreversible period of the disease course than those introduced after
stabilization of the disease [18]. MSCs derived from various other sources, such as
human periodontal ligament stem cells (hPDLSCs), have also shown neuroprotec-
tive effects in EAE. The cells were injected intravenously at a dosage of
109 cells/150 pl in EAE mice. The findings revealed reduction in immune cell
infiltration and demyelination together with immunomodulatory effects which
augmented clinical disease course [19].

The neuroprotective effect of transplanted MSCs isolated from human umbilical
cord blood (UCB-MSC) was investigated in EAE-induced C57BL/6 mice. The
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UCB-MSCs were differentiated into neurons in vitro and transplanted in disease-
induced mice. The results revealed a decrease in lymphocyte infiltration and
improvement of clinical score [20]. Interestingly, adipose tissue-derived MSCs iso-
lated from SJL mouse strain show the same features as seen in other mouse strains
abrogating the notion that their application in cell therapy is strain specific. In addi-
tion, EAE induced in SJL mouse shows signs of improvement upon MSC transplan-
tation, suggesting that they could modulate disease progression [21].

13.2.2 Experimental Studies with Adult NSCs in MS

Neural precursor cell (NPC) transplantation possesses noteworthy improvement
of MS and other degenerative disorders of the CNS. Self-renewal and differentia-
tion property into brain cells are important characteristics of adult NSCs. These
cells have an ability to differentiate into nervous tissue after migration into the
CNS; this prospect makes NSCs a viable candidate for cell replacement therapy.
These have shown effectiveness in experimental autoimmune encephalomyelitis
as well as other neurodegenerative diseases [22]. It has been seen that these stem
cells possess the capability to differentiate into oligodendrocytes which are the
myelin-forming cells. This replenishes injured myelin tissue and reduces inflam-
mation of the spinal cord and brain in EAE mice [23]. It has been reported that
Scutellarin, a flavonoid, is neuroprotective in a mouse model of MS. This pheno-
lic compound prevents neurons from damage and promotes the growth and
development of nervous tissue thereby alleviating several neurodegenerative dis-
eases. In this study, adult C57BL/6 mice were subjected to cuprizone, given
8 mg/day through diet, for 6 consecutive weeks leading to demyelination of the
central nervous system (CNS) of mice. Thereafter, for 10 consecutive days, the
animals received scutellarin (50 mg/kg/day) treatment. The findings revealed
improvement in behavioral deficits and reduced demyelination in scutellarin-
treated mice. Furthermore, there was suppression of apoptosis of NSCs and their
number increased, which could be differentiated into myelin-producing oligo-
dendrocytes and neuronal lineages [24].

During the relapsing-remitting MS, the patient’s brain itself has the ability to
repair the damaged myelin, but this process fails many times. Studies have shown
that somatic cells convert into neural progenitors and neuroblasts when there is
forcible expression of some transcription factors within the brain. Dehghan et al.
[25] studied the effect of forced expression of Oct4 in conjunction with valproic
acid (VPA) in experimental demyelination model induced by lysolecithin. Animals
treated with Oct4-expressing vector along with VPA showed signs of remyelination
as some Oct4-transfected cells underwent transdifferentiation into myelinating oli-
godendrocytes. This was confirmed by the presence of increased number of Sox 10,
CNPase, and Olig2 markers. The results of this study appear to be of potential in
enhancing myelin repair within adult brains.

Ravanidis et al. investigated whether transplantation of neural precursor cell
effect on disease course of EAE is associated with immune modulation in the
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inflamed CNS. NPCs were isolated from brains of C57BL/6 mice and were subcu-
taneously administered in female EAE-induced mice. There was a reduced expres-
sion of chemokines and antigen-presenting molecules in brain, which demonstrated
that immune cells were modulated in inflamed CNS following NPC transplantation.
Finally, NPC transplantation augmented the disease course [26].

Interestingly, MSCs suppress the activation of TH17 cells but not TH1 in EAE
model, whereas, in cuprizone-mediated demyelination model, MSC administra-
tion induces remyelination. This indicates that MSCs present a variable function
in diverse microenvironments [27]. In addition, multipotent adult progenitor cells
also reveal immunomodulatory and neuroprotective properties in rats induced
with EAE which are facilitated in response to neuroinflammatory signals [28].
Another group of investigators evaluated the therapeutic efficacy of glycan-engi-
neered cell surface of NSCs with E-selectin ligands in EAE model. This approach
resulted in the augmentation of clinical symptoms with reduced inflammation
[29]. It has also been documented that MSCs do not exert regenerative outcomes
in cuprizone-induced demyelination mouse model directly. Instead, peripheral
immune cells and in particular T lymphocytes are needed for MSCs to exert their
full effects [30].

Braun et al. demonstrated that differentiation and maturation of adult hippo-
campal neural stem/progenitor cells (NSPCs) into mature oligodendrocytes pre-
vented oligodendrocyte loss, axonal impairment, and enhanced remyelination in
an experimental demyelination model induced by diphtheria toxin. These results
indicate the therapeutic efficacy of hippocampal NSPCs in the treatment of MS
[31]. El-Akabawy et al. [32] investigated the effect of intravenously injected bone
marrow-derived MSCs in nonimmune cuprizone model of MS. Their findings
revealed that these cells not only modulate and suppress the immune system as
observed in immune models of MS such as EAE but also are capable to facilitate
remyelination and neuroprotection. Su et al. [33] reported that thymic epithelial
progenitors (TEPs) can be produced by the in vitro induction of mouse embryonic
stem cells (mESCs) that further develop into functional TECs in vivo. Their find-
ings indicate that transplantation of ESC-TEPs may be a potent therapy for auto-
immune diseases.

13.2.3 Experimental Studies with iPSCs in MS

1PSCs have recently emerged as a novel tool for the treatment of MS. These cells are
obtained from patient’s own tissue mimics; similar pathological features are seen at a
molecular level and hence provide an exclusive platform to study the many facets of
neurodegenerative diseases in culture (Fig. 13.1) [34]. Eventually, this can yield novel
insights about disease pathology and the development of novel therapeutic strategies.
Laterza et al. reported that neural precursor cells obtained from mouse iPSC-derived
NPCs (miPSC-NPCs) administered intrathecally in EAE-induced mice model have
the ability to form oligodendrocyte progenitor cells (OPCs) which produce oligoden-
drocytes and eventually clinical outcome was improved. Furthermore, reprogrammed
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Fig.13.1 iPSCs derivation and the scientific logic behind iPSCs-based remedy. The rudimentary
idea behind iPSC-based disease treatment is that a patient’s own adult cells could be reprogrammed
back into iPSCs by an introduction of certain factors. These include Sox2, cMyc, Oct3/4, and KIf4
given by Yamanaka et al. in 2006. The resulting iPSCs resemble embryonic stem cells, are pluripo-
tent, and can be differentiated into any type of cell to study disease pathology, test drugs, and
develop novel therapeutic strategies. The left panel of the image shows the skin fibroblast cells
obtained from biopsy, which can be reprogrammed into iPSCs (bottom image). iPSCs, in turn, can
be differentiated into NPCs and eventually into OPCs, neurons, and astrocytes (right image), and
then autologously transplanted back into the patient, at a minimal risk of immune rejection. MS
multiple sclerosis, NPC neural precursor cells, OPC oligodendrocyte precursor cells, iPSCs
induced pluripotent stem cells (Reproduced with permission from Ref. 34)

iPSCs have the potential to form nervous tissue precursor cells, which can further lead
to the formation of neurons, astrocytes, and OPCs.

13.2.4 Clinical Trials of Stem Cells for the Treatment of MS

Stem cell therapy has been extensively used as a powerful strategy in the treatment
of several diseases for a decade. Their astounding potential to differentiate into any
type of cell lineage and regenerate or repair the damaged tissue makes them an
attractive candidate to be used for clinical applications. Several in vivo studies in
experimental models have been performed to understand the efficacy of stem cells
in the treatment of MS. Although many have yielded promising results, there are
limited clinical trials conducted on MS patients so far and need more research to
fully translate cell-based therapies from bench to bedside. Currently, there is no
approved stem cell treatment available for MS.

Uccelli et al. [35] showed that MSCs administered intravenously in EAE animal
model improve the neurological disability and reduce inflammation and myelin and
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axonal damage. These stem cells release soluble neuroprotective and pro-
oligodendrogenic factors, which shield the tissue from getting damaged and alleviate
the disease symptoms. The first small clinical trials with few MS patients have
already demonstrated that transplantation of MSCs in MS and amyotrophic lateral
sclerosis (ALS) patients is a safe and attainable procedure. In this study, autologous
MSCs were administered both intravenously and intrathecally in 19 ALS and 15 MS
patients. Each patient received a dosage of up to 60-70 x 10° cells per injection and
was examined for 6-28 months. The only major side effect noted was mild menin-
geal irritation such as transient fever and headache in those given an intrathecal injec-
tion of MSCs. The findings revealed significant improvement in clinical outcomes
and induction of immunomodulatory effects post-MSC transplantation [36].
Furthermore, experts in MS and stem cell field established a treatment protocol on
the use of MSCs for the treatment of MS. It was tested whether transplantation of
MSC:s caused any risk in MS patients who had failed to treatment with conventional
immunomodulatory drugs. When comparing the nature of the stem cells derived
from MS patients and healthy donors, it was found that they exhibited similar proper-
ties. Other reports demonstrated that the intrathecal route of MSC injection in ten
PPMS patients [37] and seven MS patients [38] is a risk-free method except for those
who intrathecally received an increased dosage of 100 x 10° cells. Ten SPMS patients
received an intravenous dose of 1-2 x 10° MSCs per body weight in a phase II open-
label clinical trial [39]. The patients were kept under surveillance for any adverse
effects for 4 h after receiving the dose and were observed for the same over a period
of 3 and 6 months after treatment. There were no major significant side effects
reported except in 10% of the patients who received intravenous injection. These
include type I hypersensitivity reactions, i.e., pruritus, rashes, or fever. Improvement
in evoked potentials as well as visual acuity was observed when MSCs were trans-
planted in these patients. Additionally, cell transplantation increased the optic nerve
area, which further demonstrated safety of MSCs in SPMS patients. Harris et al.
conducted a phase I open-label clinical trial with 20 PPMS patients and presented
their preliminary result at ACTRIMS 2014 [40]. These investigators administered
autologous MSC-derived neural progenitors (MSC-NPs) to PPMS patients via intra-
thecal route. Over a 3-month interval time, cells were injected in three doses of up to
ten million per injection. Initially results showed safety outcomes in the five study
subjects. An open-label clinical trial was conducted by Bonab et al., in 2012, which
included 25 patients with progressive MS. Patients were injected with autologous
MSCs intrathecally once and were followed up for a year. There were no major long-
term side effects reported in these patients. Short-term side effects were observed
which consisted of nausea, vomiting, weakness in the lower limbs, low-grade fever,
and headache. The disability score of some patients improved indicating that MSCs
may stabilize the progressive disease course during the first year following transplan-
tation, without any serious side effects [41]. A recently conducted randomized pla-
cebo-controlled phase II clinical trial also showed promising results with nine
patients receiving a dosage between 1-2 x 10° MSCs/kg body weight which was
given intravenously [42]. A phase Ib, multicenter, double-blind, randomized pla-
cebo-controlled study was conducted on RRMS or SPMS patients. Patients received
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two low-dose infusions of mesenchymal-like cells isolated from human placenta
(PDA-001) (150 x 10° cells) or placebo, in an interval of 1 week. Thereafter, patients
received either a high-dose of PDA-001 (600 x 106 cells) or the patient would receive
the placebo. MRI of the brain was performed every month. Ten patients with RRMS
and six with SPMS were randomly assigned to treatment. One of the patients on
high-dose PDA-001 had increased disability score as well as increased T2 and gado-
linium lesions during an MS flare occurring 5 months after receiving treatment with
PDA-001. This was the only case with an increase in disability; the rest of the patients
had no increase in disability. Most patients had stable or decreasing disability. Side
effects experienced on high-dose PDA-001 were headache, fatigue, urinary tract
infection, etc. PDA-001 infusions in general were safe and well tolerated by patients
with RRMS and SPMS patients. There wasn’t any paradoxical worsening seen in
lesion counts with either dose [43].

Burt et al. determined whether neurological disabilities or other clinical out-
comes in RRMS and SPMS patients were alleviated by peripheral blood stem cell
transplantation. The findings revealed improvements in patients with neurological
disability, relapse rate, neurologic rating scale scores, multiple sclerosis functional
composite (MSFC) scores, and total quality of life score. Furthermore, the volume
of T2 lesions was found to be decreased in these patients [44]. In a multicenter,
phase II, randomized clinical trial, beneficial effects of autologous hematopoietic
stem cell transplantation (AHSCT) in intensively immunosuppressed patients with
relapsing-remitting (RRMS) or secondary progressive MS (SPMS) were observed
as compared to mitoxantrone (MTX)-treated patients. The total number of new T2
lesions as well as Gd* lesions and relapse rate was found to be reduced in patients
transplanted with stem cells [45]. Recently, Kyrcz-Krzemien et al. [46] showed that
autologous hematopoietic stem cell mobilization is a safe and efficacious strategy in
the treatment of patients suffering with MS. The study also reported adverse effects
observed in 8 patients out of 39 MS patients recruited.

13.3 Alzheimer’s Disease

Alzheimer’s disease (AD) is seen to be most prevalent among older individuals and
results in progressive dementia and cognitive impairment. AD is a characteristic of
widespread neural degeneration resulting in damage to the brain cells culminating to
impaired memories (progressive dementia) and decreased cognitive functioning.
Microscopically, AD is demonstrated by the presence of plaques (beta-amyloid) and
neurofibrillary entanglements (tao proteins). These plaques have beta-amyloid depo-
sition commonly seen in the neuronal tissue of the brain and in the cerebral vessels
resulting in atrophy of the cortex and hippocampal region of brain. The most com-
mon clinical symptom associated with Alzheimer’s is progressive memory loss.
Currently, treating AD is a challenging task as current pharmacological modalities
only aim in providing symptomatic relief rather than providing with a permanent
cure. However, in recent years various research studies have been carried out using
stem cell strategies in finding a cure to these neurodegenerative diseases like enhance
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the production of brain neurons (neurogenesis), provide neuroprotective agents to
improve the function of brain neural tissue, and find various modalities to destroy
beta plaques and halt progression of disease. Currently, two pharmacological
approaches are used for treating AD. One is prevention of degradation of acetylcho-
line at synapse by giving acetylcholinesterase inhibitors like donepezil and galan-
tamine, and second is memantine therapy, which protects against neuronal death due
to endotoxicity [47].

13.3.1 Stem Cell Studies for AD in Humans and Animals

13.3.1.1 MSCTherapy in AD

MSC:s can be obtained from various tissues like bone marrow, umbilical cord blood,
and adipose tissue, which are multipotent in nature. Although there are various pro-
tocols proving the ability of these mesenchymal cells to differentiate into special-
ized neurons in vitro, concerns have been raised for their effectiveness in vivo.
Though their neurogenic differentiation properties are still questionable, neverthe-
less, they are believed to be main cell type for curing neurodegenerative disorders
such as Parkinson’s diseases, multiple sclerosis, and AD. As such, MSCs seem to be
relevant in regeneration and replacement of lost neural cells; however, it is debated
that MSCs might prove beneficial in halting the progression of AD by impacting the
pathological aspect of the disease, thus proving that MSC-based therapy can not
only regenerate damaged neuronal tissue but also prevent the progression of the
disease. Hence, most of the in vivo research has undertaken the latter approach in
finding a cure to AD [48].

Lee et al. transplanted human umbilical cord blood-derived MSCs (hUCB-MSCs)
into double-transgenic mice having amyloid precursor proteins (APP) as well as pre-
senilin 1. They found significant improvement in spatial learning and memory in
these models. Apart from the symptomatic improvement, amyloid-f} peptide deposi-
tion, B-secretase 1 levels, and tau hyperphosphorylation were drastically reduced in
these test subjects. These findings were suggestive that hUCB-MSCs provide with
prolonged neuroprotective effect as a result of a feed-forward loop which alterna-
tively activates microglial neuroinflammation, hence decreasing the disease patho-
physiology and reversing cognitive damage associated with AD mice [49].

13.3.1.2 Experimental Studies with NSCs and Gene Therapy
In a phase 1 study conducted by Mark et al. [50], ex vivo NGF gene delivery was
done in eight individuals of mild AD, characterized by implantation of genetically
modified autologous fibroblasts into the forebrain. Patients were followed up for
22 months and evaluated with MMSE and Alzheimer’s disease assessment scale.
There was vast improvement in cognitive activities and increase in 18-fluorodeoxy-
glucose showing improvement. Hence, this suggests the role of genetically modified
differentiated stem cells that can be beneficial in treating AD.

Stimulation of the brain for progressive neuronal regeneration may prove to be
useful in treating the neurodegenerative disorders and halt the pathological
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progression of the disease thereby increasing the synaptic activity. Lilja et al. [51]
investigated the impact of transplanting hNSCs in mice models and the additive
effect on improving efficacy of various drugs. Under this study, 6 to 9 months old AD
Tg2576 mice were treated with the amyloid-modulatory and neurotrophic drug
(+)-phenserine or with the partial o7 nicotinic receptor (nAChR) agonist JN403, and
prior to this they were transplanted with hNSCs in bilateral intra-hippocampal
regions. Results showed that transplanted hNSCs enhanced endogenous neurogene-
sis and prevented further cognitive deterioration in Tg2576 mice, while simultaneous
treatments with neurotrophic (+)-phenserine or JN403 provided counter therapeutic
effects.

Agger et al. showed the effect of hNSCs in increasing neurogenesis and proved
their efficacy and safety in treating AD. The researchers found that human NSCs
have the ability to rapidly divide and differentiate into immature glial cells and
improve synapsis there by aiding growth and improving cognition in mice models.
These results show extreme potential in the use of stem cell therapy and its applica-
tion in clinical trials in order to find a definitive cure in AD [52]. In another study,
hippocampus of two transgenic models of AD (3xTg-AD and Thyl-APP) mice
were transplanted unilaterally with neprilysin secreting modified neural stem cells.
After 3 months, AD pathology, neprilysin expression, and stem cell engraftment
were assessed. Stem cell-mediated delivery of NEP provided marked and signifi-
cant reductions in AP pathology and increased synaptic density in both the models.
It was analyzed that genetically modified NSCs improve not only synaptic activity
but also delay the progression of the disease by preventing amyloid deposits in the
hippocampal region [53].

Above studies showed the impact of stem cell transplantation in enhancing the
efficacy of drugs as well as neurogenesis which is triggered as a result of stem cell
grafting; but none of these assessed the effect of clearance of plaques and neurofi-
brillary tangle on cognition. Blurton et al. [54] demonstrated the role of NSCs in
improving cognition without altering the beta-amyloid plaques. He showed that
cognitive improvement correlated directly with brain-derived neurotrophic factor
which is responsible for neurogenesis and increasing synaptic activity. This study
can help in correlating dementia to the reduction in neurogenesis as a result of toxic
damage to neural cells because of prolonged effect by tau proteins and amyloid
deposits. Stem cell therapy has been found not only to help in focusing improve-
ment of pharmacological basis in treating AD but also finding effective ways in
decreasing the damage caused as a result of amyloid deposits and enhancing neuro-
genesis by increasing certain nerve growth factors, i.e., BDNF as well as replace-
ment of cholinergic neurons to enhance cognitive capability of AD models [54].

13.3.1.3 Experimental Studies with iPSCs

Understanding the pathological basis of AD was limited due to lack of similarity
between the animal models and actual disease itself. To overcome this problem,
reprogrammed primary cells from the patients were used to form iPSCs. The
primary fibroblasts were taken from the patients of familial Alzheimer’s disease,
sporadic AD, and control. The purified and characterized neurons from
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differentiated cultures were subjected to injection by fetal brain messenger
RNA. As a result of this, the electrophysiological activity of all the cells was
within normal range.

Compared to the controls, extracted neuronal cells from amyloid-f3 precursor
protein gene and sporadic Alzheimer’s disease showed increased amounts of patho-
logical markers as amyloid beta, phospho-tau, and active glycogen synthase kinase.
Large RABS5-positive early endosomes were found in neurons of SAD and APP as
compared to controls. GSK-3f and phospho-tau (Thr 231) levels were significantly
reduced in purified neuron after being treated with beta-secretase inhibitor, but this
was not seen with gamma-secretase inhibitors. The results show a direct correlation
between APP proteolytic processing but do not show any direct link between
amyloid-beta and its impact on the phosphorylation of tau proteins and activation of
GSK-3 beta in human neurons [55]. In another study, the intact brain of mice or rats
grafted with adult tissue along with its insertion into host parenchyma showed dif-
ferentiation into multiple functional neuronal cells. The transplanted stem cells
migrated toward damaged regions and promoted neurogenesis. It has been observed
in the animal models of AD that transplanted neural precursor cells (NPCs) have
better survival owing to their migration and differentiation into cholinergic neurons,
astrocytes, and oligodendrocytes, thereby curing memory and learning problems.
The recent development of the AD model using iPSCs has helped in elucidating
various cell types and finding newer potential therapeutics [56].

Ross et al. [57] suggested that reprogrammed primary somatic cells of patients
into iPSCs may help to cure the neurodegenerative diseases. In this article, different
approaches were followed to generate iPSCs for the treatment of neurodegenerative
diseases. Another study demonstrated that iPSCs help to develop newer models by
carrying certain mutation encoding for amyloid precursor proteins (APP). These
models provide with better understanding of the pathogenesis of AD and hence prove
to be beneficial in research advancements. The generation of neurons carrying vari-
ous FAD mutations or SAD genomes may provide a unique human neuronal system
and aid in the evaluation of various therapeutic interventions for treating AD [58].

13.3.1.4 Clinical Trials at Threshold

Recently the US FDA has approved phase II clinical trials to be conducted on
ischemia-tolerant MSCs in treating AD. Similar to these various projects are
undertaken all over the world to find the basis of stem cell therapy for curing the
disease especially in Asia and Europe. Although ethical and safety concerns are
still there, stepwise approach with human stem cell-based translational research
in vitro and in vivo may prove to be a cornerstone in finding the complete patho-
logical analysis of the disease and finding a possible permanent cure in treating
AD [59].

13.3.1.5 Future of Stem Cells in AD

AD is a complex neurodegenerative disorder having wide range of permutations and
combinations for its pathology and its possible impact on the cognitive decline.
Presently, the transgenic mice models are prominent in advancing the research.
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However, they do not match up to the overall similarity with the rapid progression
of the disease seen in patients.

Although recent animal models have revealed the efficacy and the impact of stem
cell transplantation in the regeneration of the damaged neurons, its role in treating
long-term progressive nature of Alzheimer’s disease remains elusive especially with
relation to teratoma formation. With newer advancements in the field of somatic
gene therapies, iPSCs may be crucial in treating Alzheimer’s disease.

13.4 Parkinson’s Disease

Parkinson’s disease (PD) is a complex multifactorial disease that affects approxi-
mately seven million people globally. There is increasing trend of prevalence rate of
the disease with age. PD shows the characteristic feature of selective destruction of
dopaminergic neurons in the pars compacta region of the substantia nigra (SNc)
[60]. There is no cure of the disease, and current strategies to treat the patients are
mainly focused on symptomatic relief. The pharmacological treatment modalities
include the use of oral tablets of L-3,4-dihydroxyphenylalanine (L-DOPA), dopa-
mine receptor agonist as well as deep brain stimulation (DBS) [61]. Each of these
treatments comes with serious side effects; therefore, there is a need for the safe and
secure regenerative strategies for successful treatment of the PD patients without
any side effect. Cell-based therapy for neurodegenerative disease like PD has poten-
tial to revolutionize the future therapeutics. Till date, most successful cell replace-
ment studies involve transplantation of fetal ventral mesencephalic (VM) cells in
striatum of Parkinson’s patients [62]. The motor symptoms were found to be
improved, demonstrating increase in F-DOPA uptake by the patients. However,
15% of these patients developed graft-induced dyskinesias (GIDs) [62]. These
results put the strategy on hold until further research reveals that dopamine replace-
ment therapy is specifically effective for younger or less severely affected patients,
and marked improvement is noticed from 2 to 4 years posttransplantation.

There are numerous preclinical studies conducted in the last two decades to estab-
lish the use of human NCSs, ESCs, and MSCs obtained from different sources and
1PSCs as potential candidates [63]. ESCs provide virtually limitless supply of dopa-
minergic progenitors, which makes the treatment of PD become promising. Various
studies demonstrated a significant role of these cells in generating functional recovery
and improvement in PD symptoms when delivered to striatum of experimental PD
models [64]. However, ethical issues, immune rejection, and teratoma formation have
limited their clinical applications. More studies are needed to optimize the differentia-
tion and transplantation protocols to make the progress toward clinical trials.

As discussed above, MSCs exhibit many properties to be an ideal stem cell candi-
date for clinical studies. It is possible to expand them rather simply on a large scale for
convenient clinical application. In PD animal models, MSCs are partially shown to
restore dopaminergic pathway [65]. In a human clinical trial, where autologous BMSCs
were transplanted in Parkinson’s patients, even 36 months post therapy, these patients
displayed a degree of improvement in Parkinson’s symptoms without any tumor
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formation or other side effects [66]. This appears as a restorative therapy of choice in
PD, but more clinical studies are required to confirm the safety and efficacy of the
therapy. iPSCs from adult human somatic cells have revolutionized a new method to
generate disease-specific pluripotent stem cells from the individual’s own cells. iPSCs
obtained from the somatic cells of PD patients to produce dopaminergic neurons can
be transplanted into the patient’s brain. Xu et al. [67] in his recent publication summa-
rized various studies in which iPSCs were used for modeling PD with gene mutations.
Another study showed that iPSCs derived DA neurons from PD patients carrying
Parkin mutation exhibiting an increase in DA release as well as a reduction in DA
uptake. Additionally, elevated level of reactive oxygen species (ROS) in these neurons
was found due to mitochondrial dysfunction. This further indicates the importance of
Parkin in DA transmission and in suppression of DA oxidation. Because of their
unmatched implications, iPSCs hold tremendous potential for future cell replacement
therapy in PD patients in order to move forward for clinical trials.

13.4.1 Stem Cell Trials for PD

In the early 1990s, open-label clinical trials were performed using dopaminergic
neurons containing fetal ventral mesencephalic tissue which revealed significant
clinical benefit after transplanting the tissue into the striatum of PD patients [68].
Not only there was significant variation of results among patients, two subsequent
double-blind randomized trials using ventral mesencephalic tissue did not succeed
in showing any robust improvement and showed graft-induced dyskinesia (GIDs) in
the patients [68]. Further studies were conducted to shed some light on the underly-
ing mechanisms controlling GIDs, improved methods to minimize the risk of GIDs,
and subsequently led to a new European trial called TRANSEURO which used fetal
ventral mesencephalic tissue (www.transeuro.org.uk). TRANSEURO was designed
to form a basis and a benchmark for future stem cell-based transplantation trials in
PD through a better understanding of PD patients, standardizing methodologies,
and transplantation techniques and adequate clinical end points that match the time
course of biological repairs. In March 2013, the California Institute for Regenerative
Medicine in their workshop on cell therapies for PD discussed on having a more
refined approach and in having an appropriate patient population prior to conduct-
ing new clinical trials using stem cell-based therapies for PD [69]. In December
2015, International Stem Cell Corporation (ISCO), based in California, announced
a phase I/Ila trial using a parthenogenetic stem cell source in PD patients. This trial
has raised expectations in the PD community [70].

13.4.2 Future of Stem Cells for PD

Each stem cell transplantation technique has its own unique advantages and limita-
tions. ESCs and iPSCs seem to be the easiest to manipulate to generate a large
number of DA neurons in vitro. However, the more advantageous iPSCs may be
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used for autologous transplantation; they still have their own disadvantages. Major
research efforts need to be focused on efficacy, methodology of transplanting cells,
tumorigenicity, and other safety issues to ensure that future trials can be undertaken
with greater confidence. Most recent reports on using parthenogenetic stem cells
(created by providing chemical stimulus to oocytes (eggs) to begin division) in PD
patients are the ray of hope in treating PD symptoms. The oocytes do not undergo
fertilization and thus no viable embryo is created or destroyed. This provides a more
stable ethical footing and, when combined with the advantage of immunomatching,
makes these stem cells show great potential as a future source for cell-based ther-
apy. The future is hopeful, but still there is long way to go.

13.5 Age-Related Macular Degeneration

Age-related macular degeneration (AMD), a degenerative disease of the retina, is
the leading cause of blindness. Its main pathology comprises the photoreceptor
death, which ends in vision loss [71]. There is no permanent treatment for this con-
dition; however, anti-vascular endothelial growth factor (VEGF) is helpful in con-
trolling the wet AMD to some extent [72]. The replacement of damaged cells by
embryonic stem cell-derived photoreceptors and retinal pigment epithelium (RPE)
promises on the therapeutic effects in this disease. Studies have been conducted on
different cell types to produce RPE, photoreceptors, and retinal progenitor cells
(RPCs) [73]. Stem cells are providing a major way for scientists to recognize how
diverse cells in the retina functions together. It has led to finding of different ways
to change cones and rods with the RPE cells. In the last few years, extensive prog-
ress has been made in advancing the goal of RPE correction in AMD retina.

13.5.1 Which Stem Cells to Be Used?

The key question in using the stem cells is which one to use. Replacing cones and
rods is a tough task; these cells are responsible to make connections with nerve
fibers, which send signal to the optic nerve. However, RPE cells may be easier to
transfer because they do not need to form connection with nerve fibers. These new
cells could replace the older degenerated RPE cells and could support them. It is
also easy to make identical stem cells from RPE cells, which reduce the problems
of uniformity of cells to transplant. To grow the rods, cones, and RPE cells, some
investigators are now using iPSCs, which can be reprogrammed in a laboratory.
Some are using ESCs, and others are using RPE-specific stem cells from adult RPE
[74]. In retinal lineage differentiation, ESCs are considered as an attractive source
of cells due to unlimited expansion and pluripotency in vitro [75]. In animal models
of retinal degeneration, ESC-derived cells have shown realistic approach to rescue
the visual function [76]. Recently, in human clinical trials, ESC-derived retinal pro-
genitor cells were used to treat 18 retinal degenerated patients out of whom visual
acuities improved in ten patients [77]. In the mouse model of retinal degeneration,
the photoreceptors were repaired by transplanting RPCs from newborn mouse
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retina [78]. The promising sources of stem cells to cure retinal diseases are
UC-derived stem cells, ESCs, fetal stem cells, bone marrow-derived HSCs, and
MSCs.

13.5.2 Stem Cell Trials for AMD

In retinal degeneration diseases, there are several phase I clinical trials that are in
progress. Schwartz et al. [77] conducted a clinical trial on dry atrophic AMD and
Stargardt’s macular degeneration. About 50,000-150,000 RPE cells were injected
behind the retina in nine patients with Stargardt’s macular degeneration and dry
AMD eyes. Results from this study showed possible multipotent stem cell progeny
of the transplant along with long-term safety. The first report on the rescue of visual
function was due to transplantation of cynomolgus monkey ESC-derived RPE into
RCS rats, an established model for AMD [79]. Recently, enzymatically dissociated
technique was used to separate human fetal NSCs from brain tissue (16-20 weeks
gestation) on the basis of CD133 expression. These cells were expanded in nerve
tissue culture medium; the dissociated fetal stem cells were administered in the
subretinal space of the RCS rats. It was observed that the transplant distributes
throughout the retinal area [80]. In another study, endogenous HSCs were found to
migrate in the subretinal space of the damaged retina in mouse, potentially for sup-
porting tissue repair [81].

In a mouse model, shortly after inducing injury to the retina, tail vein injection of
allogeneic bone marrow-derived HSCs was carried out [82]. These cells prolifer-
ated and migrated to the retina and expressed RPE65, which indicates that the
engraftment responded correctly to the new niche; however, the expression of
RPEG65 alone is not sufficient for the RPE function. Multipotent umbilical cord tis-
sue-derived cells were found to be involved in vision improvement in 80 RCS rats
as compared to controls [83]. In RPE disease, bone marrow MSCs also showed
promise as a possible modality for the therapy. Arnhold et al. [84] injected
5 x 10* cells in the retina of RCS rats and showed improvement in the RPE mor-
phology. Histological analysis showed that cell injection leads to the development
of three to six layers of photoreceptors, whereas there was only one layer in sham
and uninjected control rats [85]. Considering that RPE is the main cell type that is
affected in AMD, many endeavors have been made to replace them, particularly in
the macula. Various sources of RPE grafts have been used in these procedures
including autologous sheets of fetal RPE, grafts of free RPE choroid, and cell sus-
pension of peripheral RPE [86]. In cell suspension method, the main limitation was
found to be low incorporation of the graft in diseased Bruch’s membrane.

13.5.3 Future of Stem Cells in AMD

Atfirstitis necessary to ensure that the treatment is safe, following proof-of-principle
one can plan for the long-term study. The diseases for which stem cells therapy has
been found encouraging are still very few. However, where conventional medication
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does not offer any hope, stem cell therapy could be considered as an option. So far
no successful treatments are available for humans using ES cells. In severe cases of
retinal degeneration, stem cell therapy has the potential to become a standard means
for the treatment; however, it is still a long way to go before each to bedside. Fetal
brain-derived stem cells are able to form several RPE functions, but the use of these
cells is restricted due to ethical issues and unavailability. The main challenge is to
develop ethically accepted therapy, which will help in restoring the vision without
immunological rejection.

Conclusions

In less than a decade, the stem cell research started as a stepping stone, but gradu-
ally it has taken massive dives and has paved through the rocky path from labora-
tory to clinical application. In this chapter, the author has recapitulated recent
approaches of investigations on neurodegenerative disorders using various stem
cells so as to explore how disease onset and progression can be prevented. Stem
cells have always been a burning topic with debates and controversies. Many sci-
entists are debating over the likeliness of ESCs and iPSCs, whether iPSCs can
satisfactorily take the place of ESCs in translational research. Due to ethical
restrains of using ESCs, iPSCs are considered a better alternative with more prom-
ising results. Depending upon the disease of interest, the medical history of the
donor can be obtained in case of iPSCs, which is not possible with ESCs. Yet, the
challenges stand in the way of accessibility of the patient history so as to ensure
privacy and then use iPSCs for research and treatment. With the creation of more
disease-associated iPSCs (like haploidentical cell bank) for both genders and shar-
ing of information to the public databases, these will help in screening the drugs
which is the need of an hour. Though MSCs and NSCs are promising for the treat-
ment of MS, a lot of impediments need to be resolved. Furthermore, iPSCs obtained
from patients’ own tissue also represent a novel method in MS treatment. The
method and mechanisms by which transplanted stem cells are engrafted to the
destined injured region, their fate in vivo in different clinical subtypes of MS, dos-
age, route of administration, their biological safety, efficacy, and shelf life post-
transplantation are still poorly understood. So-called immature cells, which are
capable of undergoing differentiation to form specific stem cells, are transplanted
into target tissues, leading to mobilization of the endogenous stem cells in the tis-
sue-specific region. This has paved its way for future developments in treating
degenerative diseases of the CNS. Although it may seem unlikely in complete
replacement of the damaged neurons in the brain, nevertheless advancements in
the research on animal models have provided a glimpse of hope and happiness with
loads of positive results revealing that partial replacement of damaged neurons is
definitely possible [87]. A pioneering mechanism called bystander mechanism by
Gianvito Martino and Stefano Pluchino explained that how stem cell therapy along
with regeneration of neural cells also decreases the inflammation in these degen-
erative disorders [88]. Stem cells have also shown promising results in the mouse
model transplanted with neural multipotent stem cells thereby not only facilitat-
ing neurogenesis but also providing neuroprotection by immunomodulatory
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mechanisms [89]. Concomitantly, different types of stem cells are used for estab-
lishing effective therapeutic interventions; apparently, it still has limitless potential
to meet the demands in the field of personalized medicine. Rather, we are still in
our infancy stage to treat these neurodegenerative diseases. Everyone working
within the field of stem cells is meticulously studying to make this dream into real-
ity. Though both scientists and clinicians are optimistically trying to circumvent
the problem of neurodegenerative diseases by the use of stem cells, a few issues
can turn the other way which is difficult to anticipate. No one can answer all ques-
tions that come on the way in stem cell research, yet we hope stem cell therapy will
come into reality with more clear horizons that will address all questions including
the safety measures.
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Abstract

The avascular, alymphatic, and aneural character of articular cartilage along with
the reduced availability of chondrocytes/progenitors, its complex structure, and
mechanics pose a major challenge for cartilage regeneration. State-of-the-art
therapies for cartilage injuries can at best halt cartilage deterioration and are
most often inadequate for promoting regeneration. The emerging field of tissue
engineering has contributed significantly in regeneration of complex tissues
including cartilage. The tissue engineering triads of scaffolds, cells, and growth
factors have been investigated both independently and in combination for carti-
lage regeneration. This article focuses on the current developments revolving
around these three components for the development of cartilage regenerative
therapies. More specifically, we discuss about the influence of scaffold type,
architecture, chemical/biochemical composition, and mechanical properties on
chondrogenesis. Thereafter, different cell sources and types of growth factors
that have been used for engineering cartilage tissue have been reviewed. Finally,
the last section deals with various biomaterial-based approaches for controlled
release of growth factors for cartilage tissue engineering.
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Abbreviations

ADSC  Adipose-derived stem cell

BMP  Bone morphogenetic protein
ECM  Extracellular matrix

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EGF Epidermal growth factor

ESC Embryonic stem cell

FGF Fibroblast growth factor

GAG  Glycosaminoglycan

HA Hydroxyapatite

hMSC  Human mesenchymal stem cell
HRP Horse radish peroxidase

IGF Insulin-like growth factor

iPSC Induced pluripotent stem cell
LCST  Lower critical solution temperature
MMP  Matrix metalloproteinase

NHS N-Hydroxysuccinimide

PCL Polycaprolactone

PDGF  Platelet-derived growth factor
pDNA  Plasmid DNA

PEG Polyethylene glycol

PLGA  Poly(lactide-co-glycolide)

PRP Platelet-rich plasma

PVA Polyvinyl alcohol

RGD  Arginine-glycine-aspartate

sGAG  Sulfated glycosaminoglycan

TGF Transforming growth factor

uv Ultra Violet

VEGF  Vascular endothelial growth factor
YAP Yes-associated protein

14.1 Introduction

Articular cartilage is a dense connective tissue that lines bony surfaces of diarthro-
dial joints. Its specialized structure not only provides a smooth and lubricated sur-
face for friction less articulation of the bones but also helps in the effective
transmission of loads. Healthy articular cartilage is largely composed of extracel-
lular matrix (ECM) (>90% by tissue volume) and lacks blood/lymphatic vessels and
nerve supply. A specialized class of cells known as chondrocytes, which occupy less
than 10% cartilage tissue volume, are responsible for homeostasis of cartilage
matrix in response to various physicochemical mediators such as growth factors,
chemokines, and mechanical forces. While limited mechanical damage can be
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compensated by increased matrix deposition by chondrocytes, large damage to the
cartilage tissue often leads to progressive deterioration of the tissue function due to
the limited self-repair ability [1]. The absence of progenitor cells and lack of vascu-
lature are largely responsible for this limited self-repair ability of articular cartilage.
As a result, large damage in articular cartilage in case of trauma and diseases like
osteoarthritis often needs external interventions to initiate healing and restoration of
joint function.

The current treatment protocols used in case of cartilage injury are most often
symptomatic—these include the use of analgesics, physiotherapy, and arthroscopic
chondroplasty (removal of loose bodies/cartilage fragments). Other surgical treat-
ments like microfracture, mosaicplasty, and autologous chondrocyte implantation
are successful to a limited extent as they are associated with problems such as
fibrocartilaginous healing (mechanically inferior), donor site morbidity/lack of
integration, and graft delamination/periosteal hypertrophy, respectively [2]. These
limitations have provided an impetus to the development of new and improved
treatment protocols such as tissue engineering strategies for cartilage repair and
regeneration.

14.2 Cartilage Tissue Engineering

Cartilage tissue engineering seeks to restore cartilage function by using cells, scaf-
folds, and growth factors either alone or in various combinations. In the past decade
or so, a range of strategies have been developed for the regeneration of cartilage
tissue, and various studies have elucidated the influence of different parameters on
the properties of engineered cartilage. This article summarizes the influence of scaf-
fold properties, cell type, and growth factor type/mode of incorporation on chondro-
genesis and cartilage repair/regeneration.

14.2.1 Scaffold Design in Cartilage Tissue Engineering

Scaffolds are generally three-dimensional structures that provide transient support
to cells for enabling their growth and differentiation. Scaffolds for cartilage tissue
engineering have been fabricated in various formats, of which sponges, hydrogels,
and fibers are the most prominent (Fig. 14.1a). These scaffolds have been fabricated
from different natural and synthetic polymers which include collagen, chondroitin
sulfate, hyaluronic acid, gelatin, chitosan, polyethylene glycol, polyvinyl alcohol
(PVA), poly(lactide-co-glycolide) (PLGA), etc. While synthetic materials provide
high tailorability and reproducibility, they lack bioactive characteristics and need to
be modified to modulate cell behavior. Whereas, natural materials are highly bioac-
tive but associated with disadvantages like risk of disease transmission and batch to
batch variability. Nevertheless, both synthetic and natural materials have been
extensively explored for cartilage tissue engineering due to their independent mer-
its. The following sections will describe the influence of various scaffold parameters
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Fig. 14.1 Type of scaffolds employed for cartilage tissue engineering. (a) Gross image of
tyramine-gelatin hydrogels cross-linked with hydrogen peroxide in the presence of horseradish
peroxidase enzyme, (b) scanning electron micrograph of a macroporous sponge of gelatin fabri-
cated using freeze-drying method (Scale bar: 400 pm), and (c¢) gelatin nanofibers fabricated using
electrospinning method (scale bar: 2 pm) [unpublished data]. (d) Schematic representation depict-
ing alignment of collagen fibers and cellular arrangement in different zones of the native articular
cartilage, (e) vertical section of cell-seeded anisotropic multizonal scaffold fabricated using freeze-
drying in conjunction with directional freezing (scale bar: 500 pm) (d and e are reproduced from
Ref. 8 with permission from the publisher), and (f) table summarizing the anisotropic properties of
different zones of articular cartilage with those of a multizonal scaffold. Permission has been
obtained from Elsevier Limited, Oxford, UK to reproduce Fig. 8A and B from J Mech Behav
Biomed Mater 2015:51:169-183

such as architecture, (bio)chemistry, and mechanical properties on chondrogenesis
and cartilage regeneration; toward the end of this section we also discuss about the
recent advances in development of injectable scaffolds for cartilage tissue
engineering.

14.2.1.1 Role of Scaffold Architecture

Scaffold architecture is a crucial determinant of cell growth and differentiation and
hence controls neocartilage formation. A variety of scaffold architectures have been
used for cartilage tissue engineering, including hydrogels, macroporous sponges,
and fibrous materials [3].

Hydrogels are highly swollen physically or chemically cross-linked networks of
one or more polymers. In general, the pore size of hydrogels is much smaller than
cell size and hence is insufficient to allow cell infiltration into gels; thus cells need
to be encapsulated in such systems. Various properties of hydrogels that influence
architecture such as polymer concentration, cross-linking density, and susceptibility
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to enzymatic degradation play a crucial role in determining cell fate in these hydro-
gels. While lower polymer concentration and cross-linking density are known to
favor chondrogenesis and deter chondrocyte hypertrophy [4], reverse has been
shown for matrix metalloproteinases (MMP) cleavable peptides, i.e., hydrogels with
high presence of MMP cleavable sites may act as good scaffolds for chondrogenesis
[5]. The major advantage of hydrogels is that they can be tailored to make them
injectable thus making the procedure less invasive; however, their use is limited by
their poor mechanical properties and reduced nutrient diffusion.

Sponges are macroporous solids that can be fabricated from a variety of mate-
rials including hydrophilic and hydrophobic polymers using different methods
such as porogen leaching, cryogelation, freeze-drying, and gas foaming. Unlike
classical hydrogels, these materials can be fabricated with pore size varying from
few microns to >500 pm, thus facilitating cell infiltration. Pore size has been
shown to have differential influence in different types of scaffolds, and a wide
range of pore sizes have been shown to be permissive for effective chondrogenesis
[6, 7]. For instance, in a recent study Matsiko et al. [7] demonstrated pore size
>300 pm (when compared to 94, 130, and 300 pm) to be more suited for chondro-
genesis in case of chitosan-hyaluronic acid scaffolds. Whereas, Stenhamre et al.
[6] suggested better chondrogenesis in scaffolds with a pore size of <150 pm
(when compared to <150, 300-500, and >500 pm) in case of polyurethane urea
scaffolds. Thus, it may be concluded that while micro-architectural features such
as pore size have an influence on cartilage formation, in the current setting it is
difficult to generalize the optimum pore size for scaffolds with varying composi-
tions. Pore orientation/aspect ratio has also emerged as a strong architectural fea-
ture that may influence cartilage formation/integration. To this end a recent study
demonstrated the possibility to generate anisotropic multizonal scaffolds whose
pore architecture closely mimics the collagen alignment of native articular carti-
lage (Fig. 14.1d and e). The results from this study demonstrated that the biomi-
metic arrangement of pores in these scaffolds led to a depth-wise variation in their
bulk compressive, shear, and tensile properties similar to that of cartilage [8]. It
may be speculated that this similarity in anisotropy of the scaffold and the recipi-
ent tissue may enhance the integration of these constructs in osteochondral
defects.

Fibers have been used as scaffolds for cartilage tissue engineering as they mimic
the fibrillar structure of native cartilage ECM. Fiber bonding, phase separation, and
electrospinning are few of the popular methods available for fabrication of fibrous
scaffolds for tissue engineering. Among these methods electrospinning has emerged
as one of the most commonly used method as it not only allows fabrication of fibers
from a variety of materials but also provides facile control over fiber diameter,
alignment, and porosity. Architectural characteristics of fibers such as diameter,
pore size, and alignment have been shown to influence chondrogenesis in vitro [9,
10]. While electrospun fibers provide very high surface to volume ratio and a physi-
cal mimic to collagen fibers, their use in cartilage tissue engineering is limited by
poor control over third dimension of fiber meshes (mesh thickness), low pore size,
and poor compressive mechanical properties.
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14.2.1.2 Role of Scaffold (Bio)Chemistry

It is well established that chemical/biochemical composition of scaffolds has an
overwhelming influence on cellular phenotype. Chemical moieties such as small
functional groups most often alter the protein adsorption behavior of scaffolds
which in turn modulates the extracellular microenvironment of the cells thereby
influencing cell fate. However, biologically active motifs such as sugars and pep-
tides can act both directly and indirectly on cells. Few studies have investigated the
influence of simple chemical moieties in synthetic hydrogel environments on
chondrogenesis. A study by Kwon et al. [11] demonstrated that the chondrogenic
differentiation of pre-chondrogenic cells could be significantly enhanced by
increasing anionic charge density on polyacrylamide gels by increasing the ratio of
sulfonate to amine groups. Another study by Curran et al. [12] corroborated the
importance of anionic groups in cellular microenvironment for chondrogenic dif-
ferentiation as they demonstrated that hydroxyl and carboxyl groups facilitated
chondrogenesis as compared to methyl, sulfahydryl, and amine groups over silane-
coated glass surfaces.

In addition to small functional groups, more complex biologically active moi-
eties have been shown to have a greater influence on chondrogenic differentiation
and cartilage formation. Among the various biologically active moieties, ECM mol-
ecules and their mimics have been shown to play a crucial role. Arg-Glu-Asp (RGD)
is one of the most common ECM mimetic peptides which is known to interact with
integrin receptors and facilitate cell adhesion to scaffolds. Since synthetic hydrogels
like those made up of PEG lack cell adhesion sites, they support poor cell adhesion
and survival. Salinas et al. [13] surmounted this limitation of PEG hydrogels by
incorporating RGD peptides in these hydrogels. This not only improved cell adhe-
sion/survival but also led to significantly improved chondrogenic differentiation.

Another class of molecules that have been employed frequently is sulfated glycos-
aminoglycans (SGAG) and sGAG analogs. They can not only interact with cells but
also have strong potential to modulate the activity of various chemokines and growth
factors by forming ternary complexes. In one of the studies, it was demonstrated that
incorporation of heparin in dextran hydrogels significantly improved secretion of car-
tilaginous matrix by chondrocytes along with enhanced cell survival [14].

14.2.1.3 Role of Mechanical Properties of Scaffolds

Matrix stiffness is one of the important physical cues that determine cell fate. In
fact, it has been demonstrated that by varying the stiffness of the substrate alone,
mesenchymal stem cells can be differentiated into diverse lineages such as neural,
myogenic, and osteogenic [15]. Likewise, lineage commitment to chondrogenic
fate has also been shown to be highly mechano-sensitive [16]. To prove this, Schuh
et al. [16] cultured chondrocytes on polyacrylamide substrates of varying stiffness
(4-100 kPa). They observed that chondrocytes maintained their rounded phenotype
only on the softest substrate (4 kPa) and expressed high levels of collagen type II on
these substrates. Contrastingly, cells on stiffer substrates showed a well-spread phe-
notype and low collagen type II expression. A similar response has also been dem-
onstrated in the case of collagen-GAG sponges where cells on scaffolds with lowest
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cross-linking density demonstrated best chondrogenic differentiation and vice versa
[17]. More recently, Toh et al. [18] studied the influence of varying cross-linking
density and in turn stiffness on chondrogenic differentiation of MSCs in injectable
hyaluronic acid hydrogels. They demonstrated that hydrogels with least degree of
cross-linking and an elastic modulus of 5 kPa promoted chondrogenesis over the
stiffer hydrogels which facilitated differentiation of MSCs into smooth muscle cells.
Overall, it can be concluded that substrates of lower stiffness which facilitate cell
rounding also enable chondrogenic differentiation. This stiffness-mediated response
has been shown to be regulated by the Yes-associated protein (YAP), which is known
to show nuclear localization on stiff substrates and thereby negatively regulate chon-
drogenic differentiation [19].

14.2.1.4 Injectable Hydrogel Scaffolds in Cartilage Tissue
Engineering

Initial approaches in cartilage tissue engineering employed preformed scaffold sys-
tems which not only require invasive surgeries for implantation but also need to
overcome the challenge of filling irregular shaped defects. In order to meet these
challenges, injectable hydrogel scaffolds are now being actively investigated as
potential tissue-engineered constructs. In these systems, a polymer solution con-
taining cells and/or growth factors is injected at the defect site which then cross-
links in situ and form a hydrogel network. Based on their cross-linking mechanisms,
injectable hydrogel scaffolds can be divided into photo-cross-linked, thermorespon-
sive, enzymatically cross-linked, and chemically cross-linked systems (Fig. 14.2).

Photo-Cross-Linked Hydrogel Scaffolds

Photo-cross-linked hydrogels utilize a polymer functionalized with highly reactive
groups along with a photoinitiator. The photoinitiator generates free radicals upon
excitation with light which further leads to cross-linking of the polymer chains to
form a network [20]. A variety of photoinitiators such as eosin, rose bengal, ribofla-
vin, and Irgacure have been widely used in conjunction with either visible or UV
light sources to initiate photo-cross-linking of polymers functionalized with acry-
late groups. In these systems light intensity and exposure time can be varied in order
to control mechanical properties of gels and depth of gelling [20]. In a recent study,
methacrylated chitosan-collagen II/chondroitin sulfate was employed in conjunc-
tion with riboflavin and blue light to synthesize photo-cross-linkable injectable
hydrogels for cartilage regeneration [21]. In another study, photo-cross-linked
methacrylated gelatin (mGL) scaffolds were used to successfully encapsulate
human BMSCs and facilitate chondrogenesis. Unlike UV light-based cross-linking
systems, visible light could cross-link mGL solution both in air and aqueous envi-
ronment which suggested that it could be well suited for in situ tissue repair [22]. In
addition to being less invasive, photo-cross-linked injectable systems also allow
better spatial and temporal control over in situ gelation of polymers. However,
photo-cross-linking reactions produce free radicals which can directly or indirectly
(via reactive oxygen species) interact with cellular components with the possibility
of causing cell damage. However, this disadvantage can be overcome by modulating
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the ratio of reactive groups to photoinitiator and light parameters. Furthermore, the
use of photo-cross-linking may be partially compromised by the high light scatter-
ing tendency of concentrated cell suspensions and requirement of additional probes
during surgery.

Thermoresponsive Hydrogel Scaffolds

Thermoresponsive hydrogels demonstrate a temperature-dependent gelation behav-
ior and are often composed of polymers which have the property of reversible phase
transition in response to change in temperature. These polymers have a “lower criti-
cal solution temperature” (LCST) (temperature above which the polymer loses its
bound water to bulk solution) below 37 °C such that when the solution is injected
into the body, it loses bound water to the bulk solution leading to solidification of
the polymer solution [23].

For instance, BST-CarGel®, a commercialized thermoresponsive adhesive poly-
meric scaffold of chitosan, is delivered in conjunction with autologous blood and
glycerol phosphate after bone marrow stimulation at the cartilage lesion site. The
polymeric system gels at 37 °C and stabilizes the blood clot by preventing its retrac-
tion and increasing its residence time leading to hyaline cartilage-like tissue forma-
tion [24]. Until recently, thermoresponsive systems comprised only of physically
cross-linked polymeric networks; however, more recently, thermally triggered
release of horseradish peroxidase (HRP) enzyme from liposomes that enabled cova-
lent cross-linking of hyaluronic acid in a thermoresponsive manner has also been
explored [25]. However, the potential of this system in cartilage tissue engineering
is yet to be established.

Enzymatically Cross-Linked Hydrogel Scaffolds

Enzymatic cross-linking-based methods are widely used to prepare artificial matri-
ces for cartilage regeneration mainly because of the mildness of this type of reaction
under physiological conditions. Unlike cross-linking by photoinitiators or organic
solvents, enzymatically cross-linked reactions are highly specific for their substrates
thus preventing unwanted side reactions. Dual syringe applicators have been used to
inject the polymer solution and enzyme in situ, wherein the enzyme cross-links the
polymeric chains and forms a 3D network. Toh et al. [18] utilized such an approach
to synthesize tyramine-conjugated hyaluronic acid hydrogels cross-linked in the
presence of HRP and H,0,. The authors demonstrated that the hydrogel properties
could be tailored to modulate the extent of chondrogenesis simply by varying H,O,
concentration.

Though enzymatic cross-linking is a facile method for fabrication of hydrogels,
this method usually results in the formation of mechanically weak hydrogels [26].
To circumvent this problem, a recent study used bienzymatic cross-linking approach
to fabricate hydrogels with interpenetrating polymer networks of gelatin and chito-
san. In this work, transglutaminase was used to catalyze amide bond formation
between amine group of lysine and y-carboxamide group of glutamine present on
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adjacent gelatin chains, and HRP was used to cross-link phenol groups on adjacent
chitosan chains modified with phloretic acid in presence of H,O, [27]. Tyrosinase is
another enzyme that catalyzes the oxidation of phenols into activated quinones
which further reacts with amine and phenol groups resulting in cross-linking of the
polymer chains. This enzyme was used successfully in fabricating chitosan-glycolic
acid/tyrosine (CH-GA/Tyr) hydrogel scaffolds which showed high cytocompatibil-
ity and moderate mechanical strength [28].

Chemically Cross-Linked Hydrogel Scaffolds

A range of methods to fabricate injectable hydrogel scaffolds using chemical cross-
linking have been developed. These methods are based on chemical reactions that
can be performed under mild conditions permissive for cell encapsulation. One of
the commonly used methods is based on the Schiff base formation, wherein hydro-
gels are prepared by cross-linking amine and aldehyde groups of the polymeric
backbone and the strength of these hydrogels is determined by the number of amine
and aldehyde groups present. Recently, Cao et al. [29] investigated viability, prolif-
eration, and phenotype of chondrocytes encapsulated in Schiff base cross-linked
hydrogels prepared from PEG and glycol chitosan. This study demonstrated that in
situ-forming hydrogels supported chondrocyte viability and maintained their phe-
notypic characteristics. In future, this hydrogel system could provide a platform for
cartilage tissue engineering provided the weak mechanical properties of such con-
structs are circumvented. Click chemistry is another versatile method that allows
formation of hydrogels by joining small entities without the addition of initiators
and through low-energy-consuming chemical reactions like Diels-Alder (DA)
cycloaddition, azide-nitrile addition, thiol-ene addition, and azide-alkyne cycload-
dition. Recently Takahashi et al. [30] synthesized HA hydrogels using azide-alkyne
reaction by chemically modifying HA by azide and cyclooctyne groups. Due to
high reactivity of these groups, they have the potential to be used for in situ gelation
of polymeric solution. In another recent study by Yu et al. [31], hydrogels of furyl-
modified HA and dimaleimide polyethylene glycol were synthesized using DA
chemistry and were evaluated for chondrogenesis. Results from this study demon-
strated that chondrocyte-seeded hydrogels exhibited significant increase in aggre-
can and collagen type II expression. Furthermore, disulfide cross-linking,
Michael-type addition reaction, and ionic cross-linking have also been used to fab-
ricate in situ hydrogels for cartilage regeneration. While chemical cross-linking pro-
vides stable and irreversible hydrogels, these methods often utilize heavy metal
catalyst which may have cellular toxicity. Moreover, chemical cross-linking pro-
vides poor control over gelation rate unlike enzymatic cross-linking where enzyme
concentration can be modulated to vary gelation kinetics.

14.2.1.5 Scaffold-Free Approaches

In addition to scaffold-based approaches, recently scaffold-free methods have emerged
as a new paradigm for engineering functional cartilage tissue. “Scaffold-free” tissue
engineering approaches do not make use of any exogenous three-dimensional mate-
rial for cells to adhere and proliferate. Such approaches mimic developmental process
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of tissue formation following a sequence of processes of cell condensation, cell pro-
liferation, cell differentiation, ECM production, and tissue maturation. Scaffold-free
approaches exist in two broad categories: self-organization and self-assembly. Self-
organization is a thermodynamic process in which external energy or force is required
for cells to condense and attain a desired structure. The external energy is provided
through centrifugation or rotational culture. This is in contrast to self-assembly
approach which is spontaneous and works on the principle of minimizing free energy
of the system with no external energy needed for cells to condense and attain a spe-
cific structure. The non-adherent agarose mold allows tissue formation of predictable
and repeatable shape, size, and appearance [32]. Recently, self-organization of human
mesenchymal stem cells was exploited to provide native-like environment to these
cells which could lead to functional cartilage development. The condensed mesenchy-
mal cells when pressed with a porous scaffold made of decellularized bone matrix led
to formation of well-stratified cartilage interfaced with underlying bone. The utility of
condensed mesenchymal cells was examined by filling these cells in an in vitro carti-
lage defect model where they integrated with the surrounding tissue [33]. Another
study showed that articular chondrocytes when self-assembled on non-adherent aga-
rose well plates led to the development of neotissue with collagen II predominantly
produced in these tissues [34].

14.2.2 Cell Sources for Cartilage Tissue Engineering

The ideal source of cells for cartilage tissue engineering should be the one that can
be easily isolated and expanded in vitro and secrete cartilage-specific ECM which
would lead to the formation of good-quality cartilage. Since last few decades, exten-
sive search for appropriate cell type for cartilage regeneration is being performed;
however, consensus on a suitable cell type is still elusive. Chondrocytes, being the
only cellular component of cartilage, is the most obvious choice and has been exten-
sively evaluated for regeneration of damaged cartilage. However, limited availabil-
ity of chondrocytes has given impetus for finding alternative cell sources. Recently,
mesenchymal stem cells (MSC) from bone marrow and adipose tissues are emerg-
ing as an alternative cell source for cartilage regeneration due to their ease of avail-
ability and high in vitro expansion ability. More recently pluripotent stem cells like
induced pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs) are being
actively explored for cartilage tissue engineering (Fig. 14.3).

14.2.2.1 Chondrocytes

Chondrocytes, the resident cells of cartilage, are the first and foremost choice of cell
type for repair and regeneration of damaged cartilage. Chondrocytes regulate ana-
bolic and catabolic pathways of cartilage by secreting various factors thereby main-
taining tissue homeostasis. Many studies have been performed to explore the potential
of chondrocytes for regeneration of articular cartilage. In one such study, Wang et al.
[35] used adult human chondrocytes with silk fibroin scaffolds for in vitro chondro-
genesis and demonstrated that adult chondrocyte-seeded silk scaffolds supported
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Fig.14.3 Schematic depicting progression of progenitor cell types into chondrogenic lineage and
their potential to differentiate into articular chondrocyte, fibro-chondrocyte, auricular chondro-
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better chondrogenesis as compared to the same scaffolds seeded with MSCs.
Similarly, in another study, Wolf et al. [36] used pre-aggregated human articular
chondrocytes seeded on scaffolds for in vitro chondrogenesis. The results from this
study indicated that seeding of pre-aggregated human articular chondrocytes on
porous scaffold improved the quality of regenerated cartilage.

Other autologous chondrocyte sources like auricular, nasoseptal, and costal car-
tilage have also been investigated for cartilage repair and regeneration; however,
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structural and functional differences between chondrocytes from different sources
are markedly evident. Isogai et al. [37] have compared nasoseptal, costal, auricular,
and articular chondrocytes, and they observed that costal chondrocytes expressed
highest levels of collagen II and aggrecan compared to the other groups. Further, it
is important to note that the availability of chondrocytes is scarce and that the resec-
tion of large amount of cartilage tissue may lead to donor site morbidity. Moreover,
chondrocytes have limited expansion capacity and a tendency to dedifferentiate
upon in vitro expansion. Taken together, these factors significantly reduce the trans-
lational utility of chondrocytes for cartilage regeneration.

14.2.2.2 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) as an alternative cell source for cartilage regenera-
tion have gained interest in recent years because they play a crucial role in homeosta-
sis and regeneration of tissues. Moreover, they have very high expansion capacity, can
differentiate into different lineages in vitro under appropriate stimuli, and are rela-
tively more abundant than chondrocytes [38]. Different sources of MSCs have been
explored in recent years for regeneration of cartilage which include but are not limited
to bone marrow stem cells (BMSCs) and adipose-derived stem cells (ADSCs).

Bone Marrow-Derived Mesenchymal Stem Cells

BMSC:s can be easily isolated and induced to chondrogenic differentiation in vitro
using TGFp supplementation. In past couple of decades or so, large numbers of
studies have been performed in order to investigate the effect of BMSCs in chondro-
genic differentiation and subsequent cartilage repair. Williams et al. [39] studied
in vitro chondrogenesis of BMSCs by encapsulating the cells in a photopolymeriz-
able hydrogel. This study demonstrated the ability of encapsulated MSCs to form
cartilage-like tissues in vitro. In another study, BMSCs from osteoarthritic patients
were seeded onto polyglycolic acid scaffolds in presence of TGFf which led to
extensive cartilaginous matrix deposition and hyaline cartilage-like tissue formation
[40]. The major limitation of using BMSCs for cartilage tissue engineering is infe-
rior mechanical properties of regenerated tissue and at times poor matrix deposition
[41]. One of the possible explanations for this finding may be the high expression of
hypertrophic markers during chondrogenic differentiation of BMSCs. Further, it has
also been speculated that initial phase of in vitro chondrogenic induction of MSCs
mimics endochondral ossification pathway leading to formation of mechanically
inferior cartilage. Hence, more sophisticated approaches with better understanding
of molecular events involved in chondrogenic differentiation and maintenance of
chondrocyte phenotypes are probably required to regenerate hyaline cartilage using
BMSCs.

Adipose-Derived Mesenchymal Stem Cells

ADSCs are emerging as an alternative to BMSCs in cartilage regeneration because
they are relatively more abundant, can be isolated and expanded more rapidly, and pos-
sess a stable undifferentiated status. In recent years multiple studies have been per-
formed to explore the potential of ADSCs in cartilage regeneration. In one such study,
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Zheng et al. [42] used self-assembled peptide scaffolds to demonstrate in vivo chondro-
genesis of ADSCs under the influence of recombinant fusion protein LAP-MMP-
mTGFp3 using lentiviral vectors in nude mice. The results from this study demonstrated
that controlled release of TGFP3 from peptide scaffolds facilitated chondrogenic dif-
ferentiation of ADSCs in vivo. In another study, Kang et al. [43] demonstrated in vivo
cartilage repair in a rabbit model using autologous ADSC-loaded decellularized ECM
scaffolds. For this, 4 mm defects were created on patellar grooves of femur of both
knees in a rabbit and implanted with cell-loaded scaffolds. The study demonstrated that
cell-loaded decellularized ECM scaffolds led to cartilage repair that was comparable to
native cartilage. However, for successful use of ADSCs in clinical practice, several key
points need to be studied, including studies in large animal models and long-term
safety and tumorigenicity studies [38].

Pluripotent Stem Cells

Apart from MSCs, various pluripotent stem cells like embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) are also being investigated for cartilage
tissue engineering. iPSCs have emerged as an exciting alternative to adult stem
cells, as in this approach a small number of somatic cells can be used to generate a
highly proliferative pluripotent cell population with high chondrogenic potential. In
a study to demonstrate chondrogenic potential of iPSCs, Diekman et al. [44] used
an in vitro cartilage defect model with chondrogenic pellet culture and showed that
iPSCs synthesize cartilage-specific matrix with homogeneous matrix deposition. In
another study, Ko et al. [45] compared chondrogenic ability of human iPSCs (hiP-
SCs) and human BMSCs under in vitro conditions and observed that hiPSCs sup-
port greater SGAG deposition and histologically closer cartilage formation with
lacunae and abundant matrix formation. Further, when these hiPSCs were implanted
in osteochondral defects, they showed significantly higher quality of cartilage repair
as compared to BMSC controls indicating the potential of iPSCs for in vivo carti-
lage repair. Apart from iPSCs, ESCs have also been investigated for cartilage repair
and regeneration; however, the use of ESCs is highly debated because of the ethical
issues related to the source of ESCs.

While the use of pluripotent stem cells for cartilage tissue engineering seems
highly promising because of their ability to recapitulate native cartilage-like pheno-
type, challenges like efficiency of iPSC production and safety concerns need to be
addressed before their successful use in the clinic [46].

14.2.2.3 Coculture of Two or More Cell Types

Various strategies have been explored in the past decade or so to overcome limita-
tions of chondrocytes and MSCs for achieving better chondrogenesis. Coculture of
chondrocytes and MSCs is one such strategy that can overcome the disadvantages
of chondrocyte/MSC monoculture for neocartilage generation. In coculture sys-
tems, chondrocytes provide chondro-inducive signals to direct differentiation of
MSC:s into chondrocytes; on the other hand, MSCs secrete cytokines to facilitate
proliferation of chondrocytes [47]. Moreover, it has been shown that chondrocyte-
MSC coculture leads to reduction of hypertrophy [47] and calcification [48].
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In recent years several studies have been directed toward exploring chondrocyte-
MSC coculture for cartilage tissue engineering. In one such study, Yang et al. [49]
tried to understand chondrocyte-driven differentiation of MSCs into chondrocytes
using coculture. Coculture of juvenile chondrocytes with MSCs in vitro resulted in
neocartilage with cell morphology and behavior closer to articular chondrocytes
and generated mechanically and structurally more robust neocartilage than only
chondrocyte-laden constructs when cultured in 3D agarose system. Similarly, in
another study, chondrocytes and BMSCs encapsulated in a photo-cross-linked
hydrogel implanted in a full-thickness defect in a rabbit knee resulted in the forma-
tion of hyaline cartilage with properties similar to native cartilage [50]. Apart from
MSC-chondrocyte coculture, MSCs have also been cocultured with chondrons that
resulted in better cartilage regeneration as compared to microfacture treatment in a
goat model [51].

14.2.3 Growth Factors in Cartilage Tissue Engineering

Growth factors are highly potent biomolecules that regulate a variety of cellular
processes like cell proliferation, migration, and differentiation. During develop-
ment, different growth factors act in a spatiotemporal manner to bring about chon-
drogenesis and cartilage formation. Several growth factors play a crucial role in the
maintenance of cartilage as well. Therefore, delivery of appropriate growth factor at
the site of damage is a promising approach for cartilage tissue engineering. Anabolic
growth factors mediating cartilage development and homeostasis stimulate synthe-
sis of ECM components like proteoglycans and collagen II and facilitate MSC pro-
liferation and differentiation toward chondrogenic lineage. These growth factors
also play vital role in the reduction of catabolic activity of pro-inflammatory cyto-
kines. Over the past few decades, various growth factors either alone or in combina-
tions have been extensively investigated for regeneration of cartilage. These include
different TGFP and BMP subtypes, insulin-like growth factor (IGF), fibroblast
growth factor (FGF), and platelet-rich plasma (PRP), each of which will be dis-
cussed in detail in the following sections.

14.2.3.1 Growth Factors

TGFp

Several members of TGFp superfamily are commonly explored for cartilage tissue
engineering which mainly include TGFp1 and TGFP3. These factors are known to
enhance anabolic activity of chondrocytes, maintain chondrocyte phenotype, and
promote redifferentiation of cultured chondrocytes. Apart from their beneficial effect
on chondrocytes, TGFf isoforms also enhance MSC proliferation and their differen-
tiation into chondrogenic lineage. Several studies in recent years have investigated
the role of various isoforms of TGFp in cartilage repair and regeneration in animal
models. In one of the studies, TGFB1 encapsulated in alginate beads was delivered to
rabbit knee defects in order to investigate cartilage repair and regeneration. The
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results from this study demonstrated that encapsulation of TGFp in alginate beads
resulted in its sustained release, without showing systemic side effects, leading to
enhanced repair of cartilage defects [52]. In another study, hMSCs delivered through
TGFpP3-loaded scaffolds in mouse and rabbit cartilage defects led to enhanced repair
of cartilage defects with better quality of repaired cartilage [53]. In addition to the
use of purified recombinant TGFp, retrovirally transduced human chondrocytes
expressing TGFfB1 have also been employed to investigate cartilage repair [54].

BMP

Bone morphogenetic proteins (BMP) belong to the TGF superfamily of proteins,
and several of its isoforms have been shown to have strong chondrogenic potential.
BMP-2, BMP-4, BMP-5, BMP-6, BMP-7, BMP-8, BMP-9, BMP-12, and BMP-14
have all been shown to have chondrogenic activity either in vitro or in vivo [55].
They have been shown to have activities varying from proliferative and pro-matrix
deposition in chondrocytes to pro-chondrogenic effect in MSCs and fibroblasts
[55]. Yang et al. [56] demonstrated that long-term delivery of BMP2 in conjunction
with microfracture-based treatment of cartilage defects resulted in hyaline cartilage
regeneration. In another study, Jung et al. [57] provided controlled release of BMP-7
from PLGA scaffolds and demonstrated successful regeneration of osteochondral
defects. PLGA scaffolds and BMP-7 collectively provided best regeneration as
compared to scaffolds alone or untreated group. Moreover, several different combi-
nations of BMP with other growth factors have shown high success in enabling
cartilage regeneration.

IGF

Insulin-like growth factor-1 (IGF-1) is an anabolic growth factor having similar
protein sequence as that of insulin and is known to play a key role in cartilage
homeostasis and maintenance of chondrocyte metabolism. IGF-1 is also known to
reduce synovial inflammation thus decreasing catabolic responses in articular carti-
lage [58]. The level of free IGF-1 available for receptor mediated chondrogenic
response is regulated by IGF-1-binding proteins present in synovial fluid which
sequester free IGF-1. Furthermore, IGF-1 regulates chondrocyte proliferation and is
responsible for synthesis of collagen II and proteoglycans. Many studies have inves-
tigated the effect of IGF-1 on the repair and regeneration of cartilage defects. In one
such study, Longobardi et al. [59] demonstrated that IGF-1 enhanced the chondro-
genic potential of mouse MSCs independent of TGFP1. Another recent study in a
rabbit defect model demonstrated that engineered cartilage constructs containing
chondrocytes overexpressing IGF-1 gene when implanted in vivo markedly
improved osteochondral defect repair along with reduction in cartilage damage at
the adjacent sites [60].

FGF

Fibroblast growth factor (FGF) is a heparin-binding family of growth factors mainly
responsible for proliferation and differentiation of many cell types. Among these,
FGF-2 is known to have a potent role in maintaining homeostasis and anabolic
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reactions in articular cartilage. In the past few years, many studies have investigated the
effect of FGF-2 on chondrogenic differentiation potential of MSCs. In one such study,
hMSCs supplemented with FGF-2 demonstrated enhanced proliferation and better
chondrogenic phenotype as compared to the cells without FGF-2 treatment in vitro
[61]. Similarly, Ishii et al. [62] demonstrated that delivery of FGF-2 via fibrin clots
promoted the regeneration of articular cartilage and accompanying subchondral bone
in full-thickness osteochondral defects in rabbit models. Contrastingly, a study by Im
et al. [63] demonstrated that FGF-2 induces MMP-13 expression by human articular
chondrocytes causing cartilage matrix degradation. In addition, FGF-2 is also associ-
ated with upregulation of aggrecans and has an antagonistic effect on proteoglycan
synthesis [64]. Therefore, the role of FGF-2 in cartilage regeneration is not very clear,
and more investigations are needed for better understanding of the same.

PRP

Platelet-rich plasma (PRP) is the autologous plasma sample with enriched platelet
concentration and is regarded as platelet concentrate. PRP is known to regulate
cartilage homeostasis and repair. In addition, PRP stimulates reduction in catabolic
response and inflammatory cytokines in cartilage [65]. PRP consists of growth fac-
tors including PDGF, VEGEF, TGFf, EGF, and many bioactive proteins. PRP-based
cartilage repair relies on the concept that when platelet concentrate is injected at the
defect site, it forms a clot and allows stem cells to infiltrate into it leading to tissue
repair when exposed to growth factors [66, 67]. Mishra et al. [68] studied the poten-
tial of PRP in enhancing MSC proliferation and its chondrogenic differentiation
when added with media. An in vivo study by Sun et al. [69] assessed effect of PRP
on repair of cartilage defects created in rabbit model. PRP with PLGA as a carrier
when delivered at the defect site restored the damaged cartilage with promising
mechanical properties.

Combinations of Growth Factors

Chondrogenic development is a very complex process which requires interplay
between different biochemical signaling pathways. Several growth factors like
TGFB, BMP, IGF, FGF, etc., play a crucial role to bring about chondrogenesis [70].
Therefore, it is less likely that delivery of single growth factor will be able to reca-
pitulate functions of all these factors necessary for cartilage regeneration. Thus,
sequential or simultaneous delivery of multiple growth factors is considered to be a
more rational approach for repair and regeneration of cartilage defects. There have
been quite a few studies directed toward delivery of multiple growth factors for
cartilage regeneration. In one such study, Park et al. [71] delivered TGFp1 and
IGF-1 in combination along with MSCs which led to higher expression of chondro-
genic markers after 14 days of in vitro culture. Although TGFB1 and IGF-1 worked
well in in vitro culture, study by Holland et al. [72] demonstrated that co-delivery of
TGFB1 and IGF-1 does not have any additional benefit for cartilage repair in vivo.
Other combinations of growth factors that are being investigated for cartilage regen-
eration include TGFp with BMP-7, TGFf with parathyroid hormone, and IGF with
BMP-7 and FGF.
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14.2.3.2 Controlled Release of Growth Factors for Cartilage Tissue
Engineering

Multiple growth factors, as discussed in the above sections, have shown high success
in enabling differentiation of progenitor cells into chondrogenic phenotype and thus
generating neocartilage in vitro. However, translation of these growth factors into a
regenerative therapy necessitates long-term presentation of these factors to cells at
the site of injury. The fact that long-term presentation of chondrogenic growth fac-
tors like TGF is necessary was demonstrated in a study by Kim et al. [73]. They
demonstrated that continuous exposure of TGFf to MSCs was necessary for carti-
lage-like intense collagen II and sGAG deposition. Shorter durations even up to 10
days only led to compromised cartilaginous matrix deposition.

Bolus delivery of growth factors such as intra-articular injections leads to rapid
diffusion of growth factor into off-target sites which may result in the need of mul-
tiple injections making the regimen significantly invasive and expensive. Moreover,
loose growth factors are associated with poor proteolytic stability and off-target side
effects. Collectively these factors give rise to the need of developing growth factor
delivery systems which not only prolong growth factor presentation to cells but also
prevent their proteolytic degradation and reduce off-target effects. Based on these
needs, a repertoire of growth factor delivery systems (Fig. 14.4) has been developed
for cartilage tissue engineering; these include those based on (1) physical encapsu-
lation, (2) ionic complexation and affinity binding, (3) covalent binding, and (4)
gene delivery.
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Physical Encapsulation

During physical encapsulation of growth factors, the factors of interest are mixed
with a carrier material (e.g., synthetic/natural polymer solutions) before gelation/
drying/cross-linking. Growth factors encapsulated physically show a slow release
profile where the release kinetics is determined by diffusion of the factors and deg-
radation kinetics of the carrier material. The release kinetics of encapsulated growth
factors can be modulated by altering the size and geometry of carrier device, cross-
linking density, and material properties (molecular weight, susceptibility/rate deg-
radation, mode of degradation, and swelling properties). Growth factors can be
incorporated in scaffolds using a wide variety of fabrication techniques where harsh
fabrication conditions are not utilized, such as solvent casting and particulate leach-
ing, freeze-drying, electrospinning, emulsion solvent evaporation, in situ polymer-
ization, and gas foaming. For tissue engineering strategies, the growth factors may
be incorporated directly into scaffolds or may be incorporated indirectly such that
the scaffolds are loaded with growth factors encapsulated in microspheres. Kopesky
et al. [74] used the former approach to incorporate TGFf in self-assembling pep-
tide-based hydrogels. These hydrogels allowed a sustained release of TGFf for 21
days and thereby led to improved cell proliferation and cartilaginous matrix deposi-
tion. In another study, the latter approach was used—where IGF-1-loaded PLGA
microspheres were incorporated in PVA hydrogels. This system allowed a con-
trolled release of the factor for 6 weeks, thereby enabling significantly better carti-
lage formation as compared to blank hydrogels. The neocartilage tissue in
IGF-1-loaded hydrogels not only showed better matrix deposition but also signifi-
cantly better mechanical properties [75].

A recent advancement in physical encapsulation of growth factors is in the area
of stimulus responsive growth factor release. These systems utilize polymers that
either swell reversibly (increasing pore size) or irreversibly break down in response
to a stimulus such as heat, pH, ionic concentration, light, presence of enzymes, etc.,
to release encapsulated molecules only when stimulated. One example of these sys-
tems is use of MMP-sensitive peptides as cross-linkers in synthetic hydrogels. In
such a system, the molecules encapsulated in the hydrogel are released whenever
there is increased presence of MMPs. Though multiple of these systems have been
utilized in other tissue regeneration applications, not much work has been done in
the area of cartilage tissue engineering using these systems.

lonic Complexation and Affinity Binding

It is interesting to note that native cartilage tissue sequesters large amounts of active
growth factors and this phenomenon is a result of the strong ionic interactions
between heavily sulfated GAGs like heparan sulfate and the highly basic growth
factors. Taking inspiration from this study, ionic- and affinity-based interactions
between basic growth factors and natural or synthetic GAGs for their controlled
presentation have been examined. It has been shown that this interaction between
growth factor and GAGs not only restricts spatial localization of growth factors but
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also potentiates their activity and improves their proteolytic stability. For example,
it was recently demonstrated that exogenous heparan sulfate promotes TGFf33-
mediated chondrogenic differentiation of mesenchymal stem cells via improved
TGFp/Smad2/3 signaling [76]. A recent study by Jha et al. [77] demonstrated the
possibility of controlled release of TGFp from heparin-containing hyaluronic acid
hydrogels. They demonstrated that the rate of release of TGFf from these gels was
inversely correlated with the molecular weight and concentration of heparin. Taking
inspiration from heparin, Re’em et al. [78] synthesized alginate sulfate as its mimic
and demonstrated controlled release of TGFp from macroporous alginate scaffolds
containing alginate sulfate. Unlike control alginate scaffolds which released 90%
growth factor in 24 h, alginate sulfate containing hydrogels provided controlled
release for over 7 days. Moreover, it was shown that this led to Smad2 activation in
MSC:s for 14 days and high deposition of collagen type II. Apart from heparin and
heparin analogs, cartilage-derived matrices which are extremely rich in a variety of
sulfated GAGs have also been utilized for prolonged presentation of TGFp to cells
during chondrogenic differentiation [79].

Covalent Binding

Covalent conjugation of growth factors to scaffolds has also been proposed as a strat-
egy for prolonged presentation of growth factors to cells. In addition to prolong the
presentation, this method may provide an ability to precisely control the spatial distri-
bution, density, and amount of growth factors in the matrix. In a recent work, Sridhar
et al. [80] used thiol-ene chemistry to covalently conjugate TGFf1 to PEG for long-
term stimulation of chondrocytes. They demonstrated that the conjugated TGFf1 not
only retained its bioactivity but also performed significantly better over soluble factor
in terms of maintaining chondrocytic phenotype of cells. In another study, Bertolo
et al. [81] conjugated FGF and TGFf} on collagen microcarriers for improving expan-
sion and chondrogenic differentiation of MSCs, respectively. They compared two
conjugation chemistries for this purpose, and it was observed that while EDC/NHS
seemed to be best suited for FGF conjugation, riboflavin/UV proved to be more desir-
able for the conjugation of TGFpP. While some success has been achieved in covalent
binding of growth factors to scaffolds, a larger set of studies need to be performed to
identify suitable chemistries for conjugation of growth factors to tissue engineering
scaffolds. Also in 3D culture the fact that covalently bound factor cannot diffuse may
act as a disadvantage as this factor will be accessible only to the cells in proximity and
not to other cells that are not directly interacting with the scaffold surface.

Gene Delivery

The use of therapeutic proteins including growth factors is associated with certain
limitations which include high cost of production, poor in vivo stability, and the need
to maintain the final product in a cold chain. To circumvent these issues in tissue
engineering strategies, growth factor gene delivery has been proposed as an alternate
to growth factor protein delivery. Both viral and nonviral gene delivery methods are
being pursued for this purpose. While viral vectors such as adeno, adeno-associated,
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retro-, and lentiviral vectors show high transfection efficiency, safety issues associ-
ated with them remain a major hindrance for their translation to the clinic. In con-
trast, nonviral vectors are generally regarded to be safe but show significantly lower
transfection efficiencies.

Brunger et al. [82] used lentiviral system to deliver gene encoding for TGFf3 to
mesenchymal stem cells. They immobilized lentivirus on poly-L-lysine-coated
polycaprolactone scaffolds and demonstrated that these viruses could effectively
transduce MSCs seeded on the scaffolds leading to high expression of TGFB3. This
in turn led to improved chondrogenic differentiation of MSCs and cartilaginous
matrix deposition. In another study, Tomas et al. [83] used nano-hydroxyapatite
(nHA) as a carrier for plasmid DNA (pDNA) encoding for TGFf3 and BMP-2. The
authors demonstrated that pPDNA complexed with nHA when encapsulated in algi-
nate gels along with MSCs transfected the MSCs much more efficiently as com-
pared to free pDNA. Finally, they observed efficient chondrogenesis and matrix
production in groups where pDNA for both TGFf3 and BMP-2 were delivered by
complexation with nHA. An alternative to gene delivery through scaffolds is the use
of cells which are already transfected with the gene of interest. He et al. [84] used
such an approach where MSCs were transfected with pPDNA coding for TGFp using
pullulan spermine as the transfection reagent. These cells were then implanted in
osteochondral defects using gelatin sponges. The results of this study demonstrated
that transfected MSCs significantly outperformed control MSCs in terms of osteo-
chondral regeneration.

Conclusions

In the past several decades many studies, including basic and translational, have
been conducted with the objective of generating functional tissue-engineered
cartilage. Though these studies have enhanced our understanding about the role
of scaffolds, cells, and growth factors in cartilage regeneration and repair, there
has been only partial success in terms of regenerating complex cartilage structure
with high strength and mechanical properties in vivo. While a variety of scaffold-
free approaches and scaffolds including isotropic and anisotropic sponges, fibers,
and injectable hydrogels have shown success in hyaline cartilage regeneration,
porous sponges and injectable hydrogels stand out as the most promising options.
Among the different cell sources, MSCs and MSCs cocultured with chondro-
cytes seem to possess high translational applicability for cartilage regeneration.
Furthermore, the optimal combination of growth factors to provide cells with
cues that could recapitulate the developmental process of chondrocytes from
MSC:s still needs to be studied. Although significant progress has been taken
place independently in identifying the best suited scaffold/cell/growth factor,
ideal combinations of these need to be developed before successful translation of
regenerative therapies to clinic. In addition, it is important to select approaches
which can not only overcome bottlenecks of existing approaches but also inte-
grate seamlessly with the current healthcare setup to make them clinically
successful.
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Abstract

Despite fascinating potential, 3D bioprinting of clinically relevant 3D-engineered
tissues is still a challenging proposition. Several variables such as replicating the
complex tissue architecture, choice of bioink, and optimization of the physico-
chemical, biomechanical, and topographical functionality of printed scaffolds
with encapsulated cells and morphogens offer major complications. Silk fibroin
has emerged as a promising material suitable for bioink preparation as it possesses
unique features required for optimum ink preparation including shear-thinning
behavior, self-supporting filamentous extrusion, cytocompatible gelation strategy,
and mechanical strength. In this chapter, we will discuss and summarize the recent
advancements in silk fibroin processing for 3D bioprinting applications, focusing
on their rheology, current gelation strategies, and blends with other polymers. We
will further discuss the potential areas for future research, challenges faced by
current methods, and gaps in knowledge required for pushing the field further
towards the creation of clinical-sized functional 3D tissues.
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15.1 Introduction

Tissue engineering and regenerative medicine have significantly evolved over the
last few decades; however, the current strategies still could not coherently recapitu-
late the complex three-dimensional (3D) anatomy and functionality of human tis-
sues [1]. So far, tissue engineers have attempted to simulate the physiological
microenvironment and mechanical properties of native tissues by culturing cells on
3D porous scaffolds or matrices. Various scaffold designs are being used such as
those that are lyophilized and porogen leached and a range of textile-based materi-
als like woven, knitted, and electrospun nanofibrous matrices, hydrogels, and com-
posites [2]. However, after 25 years of research, it is evident that cellular responses
to such conventional 3D systems cannot replicate the complex anatomy of human
tissues/organs, such as the homotypic/heterotypic cell adhesion, spatial orientation,
apical/lateral/basal polarity, and 3D spatial organization (branching of blood ves-
sels, hierarchy). Therefore, it could be rightly said that there is no such thing called
as an “ideal scaffold” per se, since each tissue has a predefined architecture, bio-
chemical composition, and material properties. Therefore, tissue engineering strate-
gies need to undergo a paradigm shift to incorporate a minimum set of prerequisites
of architectural guidance and physicochemical and mechanotransduction cues to
achieve the required cell shape, orientation, and tissue differentiation [3].

Three-dimensional bioprinting offers fascinating potential for creating combina-
torial settings to capture complex tissue architectures to develop patient-specific
transplants for clinical application. Broadly, three different strategies are being used
for 3D bioprinting: droplet-based (inkjet, acoustic), laser-based, and extrusion-
based printing techniques, for the programmable fabrication of arbitrary-shaped
microperiodic cell-laden architectures, by precisely depositing cells, biomaterials,
and matrix components, so that patterns, pitch, macroporosity, cellular orientation,
and biochemical composition can each be independently controlled for yielding
required feature sizes ranging from submicron to several millimeters. Such diversity
could potentially lead to reproduction of spatially controlled cell-instructive micro-
environments, to develop functionally active tissues/organs.

Despite fascinating promise, progress of this field is slow due to various reasons [4].
As the materials will have to be optimized to be used with 3D printing machines, the
users need to be well versed with the technical expertise to control the ink deposition
unit and an in-depth knowledge of software algorithms equipped to design 3D patterns
using CAD models for constructing such structures. Therefore, a multidisciplinary
approach combining the principles of biomaterial chemistry, fluid flow, cell biology,
instrumentation, and engineering is much needed for achieving clinical success
(Fig. 15.1). However, the grand challenge is to design the bioink, which needs in-depth
knowledge of material chemistry, optimization of ink rheology, and manipulation of
pico- to nanoliter bioink droplets, to ensure ease of printability, as well as rapid solidi-
fication and microperiodic pattern formability. It should have predictable and tunable
mechanical properties such as tensile or compressive modulus and physical properties
like thermal behavior, gelation, and biodegradation. The bioink should remain stable
after bioprinting. Bioink should support cell migration, as well as differentiation of
progenitor cells into tissue-specific cell lineages. The bioink should not cause innate or
adaptive immune response after engraftment, and should also facilitate wound healing
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Fig. 15.1 Components of 3D bioprinting highlighting the importance of instrument optimization,
algorithm, bioink, and cell biology

and quick integration with the endogenous tissue. It should be commercially available
with appropriate regulatory clearances for clinical application.

15.2 Why Silk as a Bioink?

Silk fibroin protein from Bombyx mori silkworm has been widely used in the bio-
medical research sector for tissue engineering. Sequence analysis of B. mori silk
fibroin protein showed that fibroin molecule consists of a heavy chain and a light
chain joined by a disulfide linkage. The heavy chain comprises of 12 repetitive
domains with predominant sequences of Gly-Ala-Gly-Ala-Gly-Ser, [Gly-Val],-
Gly-Ala, and [Gly-Ala],-Gly-Tyr. These moieties possess 11 amorphous regions in
between wherein peptide sequences are mostly present as Gly-Ala-Gly-Ser and
Gly-Ala-Gly-Ala-Gly-Ser. Hence, the heavy chain consists of large number of
hydrophobic amino acid residues; the hydroxyl residues of Ser and Tyr impart affin-
ity to water. Glutamate and aspartic acid moieties located in two chain ends and the
amorphous region impart amphiphilic polyelectrolyte nature. In contrast, the light
chain has high contents of Glu and Asp residues [5]. The main advantages of using
silk fibroin as bioink are as follows:

(a) One of the primary reasons being the ease of solubility in aqueous medium
without the need of additional organic solvents [6].

(b) Silk can be processed into hydrogel (predominantly random coil conformation,
water soluble) and in defined levels of crystalline conformations (predomi-
nantly f-sheet conformation, to make water-insoluble constructs), at higher
concentrations (up to 30 wt%).
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(c) The amphiphilic nature of silk protein chains can be exploited to generate pre-
cise volume of fibroin protein drops in the pico- to nanoliter orders or continu-
ous filaments by optimizing the rheological properties of the ink (e.g., viscosity,
surface tension) at wide range of pH and ionic strength.

(d) The folding of second-order silk fibroin protein structures can be easily modu-
lated to bestow control over exposed amino acid sequences on the surface that can
provide specific signals to facilitate cell adhesion on the surface of silk. Also,
since the entire amino acid sequence of silk fibroin is known, it is easy to incor-
porate bioactive moieties by forming Schiff’s base [7], carbodiimide chemistry
[8], and diazonium coupling [9] to impart specific functionalization hence regu-
lating cellular signaling pathways for cell proliferation and differentiation.

(e) The biodegradation could be controlled either by modulating the secondary
conformations (a-helix, B-sheet, f-turn content) [10] or by controlling the
length of fibroin chain during fibroin protein isolation process [11].

(f) Silk fibroin protein offers superior mechanical properties, compared to other

potential bioinks, as a result of B-sheet conformation which can be precisely
controlled to regulate cellular mechanotransduction [12].
Considering the abovementioned benefits of silk fibroin material, the following
sections will critically evaluate the application of silk fibroin protein as a poten-
tial bioink for 3D printing applications and the current challenges that need to
be addressed.

15.3 Challenges in Silk Bioink Development

Bioink development is the most challenging part of the bioprinting process. From
the biological standpoint, an “ideal” bioink should satisfy the concomitant require-
ments of processability and the physical and mechanical requirements of the print-
ing process, while simultaneously fulfilling cytocompatibility, and support long-term
cell viability as well as cell migration within the cell-laden constructs. Compared to
non-biological printing, 3D bioprinting technique is complicated especially in terms
of sensitivity of cells in relation to physical parameters applied (such as shear stress,
temperature applied during printing, pH, and limitations of mass transport within
hydrogel bioink) and precise manipulation of pico- to nanoliter bioink droplets. In
addition, the bioink hydrogel should be compliant to cells so that subsequent dif-
ferentiation and multipotency of incorporated cells in mono- as well as co-cultures
promote cellular self-assembly to prepare organs and tissues. Within the cell-laden
constructs, cells should continue to spread, proliferate, and assemble into dense,
cellular architectures. Some key aspects of 3D bioprinting include:

1. Optimizing the rheology of bioink is of paramount importance as high viscosity
of bioink exhibits gel-like behavior to facilitate self-supporting filament
extrusion.

2. Bioinks should exhibit attributes of shear-thinning fluids (viscosity should
reduce with increasing shear rate) so that they readily flow through small diam-
eter nozzles of the printer. At the same time, they should exhibit instant shape
retention as soon as they are released from the nozzle.
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3. The cell-laden bioink should have sufficient mechanical stiffness, which is
required to retain the structural integrity of filament post-printing, so that com-
plex 3D multilayered patterns can be formed.

4. Hydrated network to permit the exchange of gases, nutrients, and metabolite dif-
fusion for effective cell viability.

5. In extrusion-based printing technique, the diameter of this extruded filament is typi-
cally determined by several factors including the diameter of the nozzle, rheology
of bioink, ink flow rate, pressure applied, line height (distance between the surface
and the tip of the needle), and printing speed. Post-extrusion, two main material
properties determine the stability of construct, viscosity, and surface wetting. While
the viscosity of hydrogel depends upon gelling/cross-linking mechanism, molecu-
lar weight, concentration, temperature, and humidity, surface wetting is more of a
function of interfacial energies between the substrate and bioink material.

Like many other biopolymers, silk fibroin protein does not inherently fulfill many
of these requirements mainly due to two reasons. Silk fibroin inks display shear-
thinning behavior at low concentrations (i.e., <20 wt%); the concentration range is
not appropriate for printing. Beyond this 20 wt% concentration, it offers behavior of
Newtonian fluid [13], where viscosity is not changed with increasing shear rate.

On the other hand, during printing, macromolecular chains of fibroin protein
undergo shear-induced (<100 s~!) conformational changes from random coil to
B-sheet and crystallite formation, resulting from thermodynamic and kinetic pro-
cesses [14]. As a result, the extrusion process of silk fibroin ink is frequently inter-
rupted due to clogging of the micronozzle.

15.4 Optimization of Silk Bioink Rheology

We have solved some of the problems as mentioned above and reported the forma-
tion of complex 3D microperiodic architectures by direct writing of aqueous solu-
tions of silk fibroin into a coagulating alcohol bath [13] (Fig. 15.2). The deposition
of ink was done in a coagulation reservoir comprising of 86% methanol. During
extrusion, a continuous rod-like fibroin filament was dispensed from the nozzle that
retained its shape and structure after coagulating in the deposition reservoir. Eighty-
six percent methanol was found to be optimal, as it produced a coagulated ink fila-
ment with optimum elasticity required to maintain the shape of the structure while
spanning unsupported gaps of the underlying layers, while being flexible enough to
maintain flow through the nozzle. Once the 2D layer was patterned, the nozzle was
raised in the z-direction to print the consecutive layer, and the process was contin-
ued until the desired 3D pattern was generated. Three-dimensional periodic scaf-
folds comprising of a specific geometry were patterned in an array of parallel
filaments along the x-y plane in such a way that they were aligned in orthogonal
orientation to the previously printed layer. We could also successfully print various
other geometries (Fig. 15.2) by optimizing a number of parameters, such as compo-
sition of the ink, diameter of nozzle, speed of depositing the filament, concentration
and composition of coagulation reservoir, and scaffold pitch.
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Fig. 15.2 (a) Fabrication of complex microperiodic architecture by direct writing showing (a)
square and (b) round-shaped structures. Structures prepared by (¢) 5% silk concentration and (d)
30% silk concentration used to successfully print feature size in the range of 5 pm

However, alcohol-based coagulating baths cannot be used while depositing cells.
Moreover, addition of another biopolymer as a dopant may enhance flowability by
imparting shear-thinning behavior. Hence, gelatin was mixed in silk fibroin to
develop silk fibroin-gelatin blend ink while simultaneously imparting biofunction-
alization due to the presence of RGD motifs in gelatin [15].

Silk fibroin-gelatin blend ink demonstrated shear-thinning behavior across a wide
range of concentrations, possibly due to interpenetrating gel network formation.
Controlled gelation of silk fibroin protein could also solve B-sheet crystallization-induced
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choking of nozzles. This is a favorable feature for direct writing to facilitate smooth ink
extrusion without clogging [16]. For instance, the viscosities of 28% silk fibroin ink,
5SF-50G and 20SF-20G blends, corresponded to 0.59 + 0.03, 4.87 + 0.21, and
23 + 0.72 Pa s, respectively, at shear rate of 100 s~! through a 90 pm nozzle. Higher
polymer-loaded blends could enhance the viscosity of the ink, in addition to the interac-
tions between the oppositely charged biopolymers, which are very much prominent in
both silk-gelatin blend inks (5SF-40G and 20SF-20G) (Fig. 15.3).
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Fig. 15.3 (a) Representative viscosity-shear rate and viscosity-shear stress of ideal bioink and
existing bioinks, where an ideal ink should display shear-thinning behavior and G’ > G”, whereas
all common polymers show Newtonian fluid-like behavior and G’ < G”; hence they need quick
solidification. (b) Elastic and viscous modulus of silk fibroin solutions. (¢) Viscosity of 5% silk
fibroin-gelatin blend at various concentrations at varying shear rate. (d) Elastic modulus of silk
fibroin-gelatin blend bioink. (e) Viscous modulus of silk fibroin-gelatin blend bioink
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The addition of gelatin to a 28 wt% solution of silk fibroin resulted in dramatic
increase (<2000-fold) of elastic behavior of the blend. The oscillatory rheological
measurements indicate optimization of rheology for efficiently printable ink. The
elastic modulus (G’) and viscous modulus (G”) are the most commonly studied
parameters. In a physical gel suitable for printing, the elastic modulus should be
greater than the viscous modulus (G’ > G"), particularly at low strain %. But in
most commonly used polymer solutions, in the form of viscous sol state, G” is
greater than G'. At high strain %, a viscoelastic fluid may exhibit solid-like behavior
(G’ > G"), but at lower strain %, the same fluid may show liquid-like behavior
(G” > G’) and smoothly flow. The blends containing higher gelatin (5SF-50G and
5SF-40G) showed very high G’ (>2000 Pa) and demonstrated a more solid-like
behavior, hence preventing their flow through the micronozzle during direct writing.
However, the lower gelatin containing SF-G blends (5SF-30G and 5SF-20G),
exhibiting lower G’ (<2000 Pa), enabled smooth flow of ink. For very low concen-
trations of gelatin (SSF-5G and 10SF-10G), G” > G, thus exhibiting a more liquid-
like behavior. The above-stated viscoelastic measurements helped to identify the
most suitable bioink for successfully printing constructs. This optimization is very
important to ensure smooth printing, as well as minimal shear force applied on cells,
which would affect cell viability.

15.5 Cytocompatible Gelation Strategy

Printed constructs should be stabilized immediately after release from the nozzle, in
order to achieve 3D morphology. Hence, a fast, cytocompatible gelation strategy is
desired. However, most gelation strategies make use of either thermal processing,
photo cross-linking, or chemical/organic solvents such as ethanol/methanol which
are not suitable to ensure cellular viability. To evaluate the gelation kinetics of silk
fibroin-gelatin blends, we demonstrated cross-linking of silk in coagulation bath
comprising of either absolute methanol or ethanol maintained at 25 °C under oscil-
latory mode. SF-G blends spontaneously transited to gel upon alcohol exposure
attributed to the transformation into p-sheet crystallization of the silk fibroin result-
ing in an increase in stiffness of the gel. Increase in the magnitude of both the shear
yield stress and G’ occurred as a result of crystallization and subsequent solidifica-
tion (dehydration). Polymeric solutions with a concentration higher than a critical
entanglement concentration, in uncross-linked condition, display G” > G’. With
increasing shear rate, a crossover point could be noticed after which G’ > G”. The
physically cross-linked hydrogel exhibits solid-like properties (G’ > G") [17].
Inducing gelation is a tricky process, which in turn affects several other factors
such as physicochemical properties of hydrogels including mechanical characteris-
tics, degradation kinetics, diffusion efficiency of ink, and subsequent biological
responses such as cell viability, which make the procedure quite cumbersome. Many
studies reported cross-linking of natural hydrogel derivative bioink such as gelatin,
hyaluronic acid, and dextran with methylate or methacrylamide [18]. By modulat-
ing the degree of methacrylation and protein concentration, the authors reported the
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use of fabricated bioelastomer with >92% fibroblasts viable over 7 days in 10% and
15% (w/v) methacrylated tropoelastin gels containing 31% methacrylation [19].
Therefore, fabricating 3D bioprintable materials with sustainable viability over
extended culture periods is presently at the biggest bottleneck.

In this pretext, we compared two different in situ cross-linking strategies, using
probe-based sonication and enzymatic cross-linking with mushroom tyrosinase
[12]. Tyrosinase enzyme oxidizes the tyrosine residues of proteins into reactive
“o-quinone” moieties without destroying the covalent peptide bonds. Tyrosinase
can oxidize 10-11% tyrosine residues of silk and 20% of the residues in gelatin [20,
21]. Oxidized quinone moieties either can condense with neighboring quinone moi-
eties or undergo nonenzymatic reactions with available nucleophiles, such as amines
of both gelatin and silk. Using this gelation strategy, we successfully reported 3D
bioprinting which supported extended survivability of human turbinate mesenchy-
mal stem cells for at least a month.

15.6 Techniques for Printed Construct Fabrication

The main intent of tissue engineers is to utilize 3D bioprinting strategy to create a
basic model of tissue-specific cellular hierarchy in a 3D hydrogel-based matrix with
precise positioning and spatial control of cells (as dispersed, spheroids) under
strictly regulated microenvironment comprising of growth factors, chemokines, and
morphogens in appropriate concentrations and combinations. Significant progress
has been made over the last decade with versatility in bioprinting cell-laden con-
structs. However, there are still several limitations that impede this technology shift
to the clinic such as limitations on feature sizes, the optimum matrix constituency
for cellular guidance, and advanced software and algorithms for “off-the-shelf”
product development for surgeons and medical practitioners.

Based on their working principle, 3D printers belong to three major classes: (1)
droplet-based bioprinting (electrohydrodynamic jetting, inkjet-based and acoustic-
based ejection), (2) laser-assisted bioprinting (stereolithography or its modified ver-
sions, laser-guided direct writing, and laser-induced forward transfer), and (3)
extrusion-based bioprinting. Although initial research of 3D bioprinting employed
inkjet-based or laser-based strategies, but currently extrusion-based techniques are
gaining popularity (Table 15.1), mainly due to affordability, versatility, and ease of
dispensing diverse types of materials, such as polymeric or colloidal hydrogel and
ceramic materials. Typically an extrusion-based printing technique, for example,
the direct-write 3D printer present in our laboratory, is equipped with a combination
of controlled fluid-dispensing unit comprising of a nozzle for ink deposition along
x-, y-, and z-directions with a computer-controlled automated robotic translation
system for bioprinting. During the process of bioprinting, bioink (silk, silk-gelatin,
etc.) is dispensed by the deposition system in the form of a continuous filament into
desired 3D-customized patterns. Using direct-write assembly, we could print wide
range of biologics for printing (single cells, cellular aggregates, organoids, etc.)
with very low feature size to mimic the complexity of human organ [12, 13, 15].
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Table 15.1 Chronological development of 3D bioprinting

1984

Charles Hull invented “apparatus for making 3D objects by stereolithography” [22]

1986

Carl Deckard invented “method and apparatus for producing parts by selective
sintering” [22]

1989

Scott Crump, cofounder of Stratasys, patented fused deposition modeling [23]

1993

Michael Cima et al. from MIT patented “three-dimensional printing techniques” and
licensed to various companies, such as Z Corp.

The use of selective laser melting toward fabricating ceramic implants for orthopedics

1999

First 3D printed bladder was implanted in a patient named Luke Massella at Wake
Forest Institute for Regenerative Medicine

2002

Very early-stage prototype of a kidney was fabricated using extrusion-based
bioprinting at Wake Forest Institute for Regenerative Medicine, USA

2003

Tom Boland from Clemson University patented the first bioprinting technique, “inkjet
printing,” for printing viable cells [24]

Garbor Forages et al. from the University of Missouri developed self-assembled
multicellular spheroidal bodies for initiating the field of scaffold-free cell printing
[25]

2004

Chrisey Douglas et al. from the Naval Research Institute applied laser-based printing
technology to create cellular stacks of mammalian cells [26]

The First International Workshop on 3D Printing and Biopatterning organized by
Derby and colleagues [27]

2006

An open-source project “RepRap” created self-replicating 3D printer using fused
filament fabrication [28]

2007

Fabrication of 3D printed parts using selective laser sintering machine from fused
metal/plastic

2009

Patent for fused deposition modeling expires, igniting innovative uses in the 3D
printing industry

First commercial 3D bioprinter created by Organovo and Invetech NovoGen MMX

2010

In situ bioprinting of skin using inkjet-based system at Wake Forest Institute for
Regenerative Medicine, USA [29]

Organovo, Inc., CA, USA, announced the first bioprinted vasculature [30]

2012

Laser sintering, a high-definition imaging and 3D printing technology, was used to
print a functional jawbone for an 83-year-old woman to replace the infected jaw [31]

At the University of Michigan, 3D printed splints made from polycaprolactone were
implanted in three kids suffering from tracheobronchomalacia, a congenital defect
that causes the airway to collapse. After testing in piglets, the splint got approval for
human implantation through an “emergency-use exemption.” Patency was retained
after 1 year with no complications. A report published at Science Translational
Medicine in 2015 showed that all three kids are doing perfectly well [32]

In August 2012, President Obama launched the National Additive Manufacturing
Innovation Institute (NAMII), a national-level effort to bring together industry, basic
science researchers, and bioengineers from academics and the federal government
agencies to provide unprecedented infrastructure to support new technologies and
products

2013

Michael C. McAlpine et al. integrated biology and nanoelectronics to create 3D
bioprinted bionic ear [33]

Three-dimensional printing of aortic valve conduits using hydrogel [34]

(continued)



15 Silk-Based Bioinks for 3D Bioprinting 269

Table 15.1 (continued)

2014 | Three-dimensional bioprinting using decellularized extracellular matrix [35]

Oxford Performance Materials, Inc., developed OsteoFab® Patient-Specific, 3D
Printed Polymeric Implant for craniofacial reconstruction, which received FDA
clearance for maxillofacial reconstruction surgery

Organovo, Inc., CA, USA, patented 3D bioprinted liver tissue model [36]

2015 | TeVido BioDevices, Austin, TX, USA, developed 3D bioprinting technology to
prepare custom-made constructs for breast cancer patients, using 3D bioprinting of a
woman’s own living cells

2017 | First reported study from India on 3D bioprinted cartilage [44, 45]

So far, we have successfully bioprinted silk-gelatin-based multilayered matrices
with deposited cells in varied modalities (dispersed, aggregates) and differentiated
them along multiple lineages over a culture period of 1 month. Moreover, the auto-
mation process can enable loading of CAD files to automatically print the structure
from MRI and CT scans on a patient-specific basis [37]. Another add-on with direct-
write system is that the structural design can be modified within a matter of a few
minutes, which is not the case with the majority of existing 3D printers. Moreover,
nozzle diameters for printing range from micron- to millimeter-sized dimensions
with lesser printing time which makes direct-write assembly a popular choice for
individual applications.

Once deposited, the solidification of the ink requires an additional physical or
chemical process, in order to provide shape retention and sufficient mechanical
stiffness for withstanding the 3D pattern. By modulating these methods of material
processing, scientists have achieved material control over cellular responses, which
will be discussed in detail in the next section.

However, despite its popularity and wide spectrum of printable biologics and mate-
rials (silk, gelatin, collagen, fibroin, alginate hydrogel), extrusion-based printing meth-
ods confer certain drawbacks. In order to achieve successful printing, such drawbacks
need to be overcome, for example, the requirements for specific gelation strategy and
shear-thinning behavior of material, to overcome surface tension-driven droplet forma-
tion, so that filamentous structures can be deposited. Some studies reported drop in
initial cell viability with shear force at the nozzle [38], which enforces the need for a
high cell-seeding density to start with [39]. Resolution of the extrusion-based technol-
ogy is still rather limited; the minimum achievable feature dimension is around 100 pm
[40], which is considerably lower than the resolution achieved in other systems.

15.7 Biological Characterization

Despite attractive potential, creation of phenotypically stable, functional tissues via
3D bioprinting is still a challenging proposition especially in terms of supporting a
printable bioink composition that can offer cytocompatible matrix. The task is dif-
ficult as each of these variables used such as the cell type, bioink (composition,
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rheology, diffusivity, degradability), printing method employed (extrusion based,
inkjet based), printing parameters (shear stress, heat), design aspects (orientation of
cell-laden filaments, pore size and porosity, interconnectivity), post-printing stabili-
zation methods (thermal, chemical or enzymatic cross-linking, sonication), the con-
centration and half-life of growth factors, and morphogens can have a drastic effect
on the fate of cells and tissues.

Preservation of long-term cell viability is a major concern in 3D bioprinting.
Most of the 3D bioprinting studies show viability till 3—7 days [41]. There is curious
paucity of long-term cell viability results, for instance, a 3D bioprinted matrix cre-
ated using decellularized adipose tissue’s extracellular matrix with adipose-derived
encapsulated MSCs was fabricated to closely mimic the native microenvironment in
vitro [42]. While the cell viability was significantly higher around the periphery of
the dome-shaped constructs up to 14 days in culture, it declined marginally towards
the central core of the construct with time. The factors responsible may be the
matrix diffusivity for sufficient nutrient diffusion and metabolic waste removal,
composition, cellular distribution, dimensions of construct, localized hypoxia, etc.
Therefore, we believe that barring a few exceptions, most studies could demon-
strate cell viability within a 3D printed matrix only over a week. For the first time,
we demonstrated the use of silk-gelatin bioink that could support 82—87% viability
of human turbinate-derived MSCs for at least a month [12]. Live and dead staining
(Fig. 15.4) results should be validated by other relevant techniques such as DNA

Fig. 15.4 Cell viability of 3D bioprinted constructs. Green fluorescence is representing live cells,
and red is generated by dead cells, alongwith autofluorescence from silk filaments. We could suc-
cessfully identify cells deposited in multiple layers within the 3D printed pattern designed to rep-
licate anatomical organization of tissue
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quantification and Cell Counting Kit-8 (CCK-8) to extrapolate data on cell prolif-
eration [12].

Other than viability, cell motility, migration, and matrix remodeling are key fac-
tors in the development of a functionally equivalent tissue-engineered 3D bioprinted
matrix. Since the cells are present in a confined condition within the bioink post-
printing, they should be able to migrate and assemble into 3D cellular architectures.
Moreover, the chemical composition of the bioink determines how newly synthe-
sized and secreted proteins, such as adhesion molecules, or signaling proteins will
be deposited. Cells may secrete matrix-degrading enzymes, chemokines, and
growth factors, to develop an environment for migration. Mechanical properties and
structural features of extracellular matrix and architectural cues guide cells for
directional migration and alignment. This is particularly observed in the case of
alginate hydrogels, wherein due to Ca®* cross-linking, the hydrogels attain a low
degradation rate rendering cells unable to degrade or remodel the surrounding
matrix, eventually leading to poor cell proliferation and compromised differentia-
tion [35]. An effective solution devised by Wu et al. was to chemically treat the
alginate gel with 55 mM of sodium citrate which forms a chelate with the existing
Ca* ions eventually sacrificing the alginate matrix [43]. However, the study did not
investigate cellular migration, role of encapsulated cells in matrix remodeling, and
long-term implications of the chemical treatment on cell viability, proliferation, and
matrix deposition. To solve the above problems, our group bioprinted silk-gelatin
with hMSCs and found that the cells expressed significant levels of MMP2, a gela-
tinase found to cleave the gelatin component in the pericellular regions to subse-
quently deposit the proteoglycan matrix. The deposited matrix then acts as a
reservoir for accumulated growth factors which play a crucial role in lineage com-
mitment and cellular differentiation [44].

To attain a sufficient number of cells for producing remodeled differentiated
matrix, it is important that the bioprinted cells proliferate. The nature of bioink and
composition as well as matrix stiffness are key determining factors for regulating
multiplication of cells confined within the bioink. In this context, Das et al. [12]
encapsulated hTMSCs in silk-gelatin matrix prepared by different cross-linking
methods (tyrosinase cross-linking or sonication) which had a direct effect on the
matrix stiffness. While cells embedded in the alginate constructs failed to undergo
proliferation, it was observed that tyrosinase cross-linked silk-gelatin matrices with
relatively lesser B-sheet content and therefore lesser stiffness were more suited for
cell proliferation. A possible explanation could be that tyrosinase cross-linking
would result in a lesser compact matrix, hence facilitating easy diffusion of nutri-
ents as well as proteolytic enzymes for cell-enabled matrix remodeling, a require-
ment which could not be fulfilled by sonication-induced structures [12]. The data
was further corroborated with another study from our lab where we used similar
blend of silk-gelatin and demonstrated convincing evidence of increased cell DNA
content encapsulated in the matrix over a 21-day culture period [44]. However, dif-
ferences in the cell-seeding modality (dispersed and aggregated) seemed to affect
the proliferative capacity of cells, whether bioprinted cells behave better as 3D tis-
sue clusters or require topographical cues to self-assemble into relevant tissue-sized
aggregates and their subsequent effect on the functional mechanics of deposited
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cells may provide some helpful evidence in understanding the cell-matrix
interactions.

To be able to conquer complete control over cellular differentiation, materials
used for bioprinting have been extensively manipulated to alter stiffness, nano-
structural patterning, and surface topography so as to investigate the effect of
mechanical, topographical, and physicochemical cues during tissue development.
Nano-patterning of the material surface provides mechanical stimulus to the cells
for guiding attachment and alignment hence regulating cellular contractions by
RhoA/ROCK pathway during differentiation [46]. Furthermore, by altering the
material stiffness, we reported how silk-gelatin bioink facilitated multilineage dif-
ferentiation (bone, cartilage, and adipose tissue) of the encapsulated cells [12]. An
important fact that was brought to light was the strong correlation of the material
stiffness (i.e. f-sheet content of silk fibroin) with resultant cellular differentiation.
Sonication-induced matrices of silk fibroin-gelatin exhibiting ~2 times higher
B-sheet content showing relatively lower degradation profile due to higher-order
stiffness expressed upregulation of osteogenic markers. The stiffer matrices are
known to initiate specific cell-mediated contractions within the confined 3D
microenvironment, hence preferentially regulating osteogenic commitment [47],
while tyrosinase-cross-linked matrices with lesser p-sheet content favored chon-
drogenic differentiation of encapsulated hTMSCs (Fig. 15.5). In another study
based on silk-gelatin, we deposited MSCs and chondrocytes, either as dispersed
cells or aggregates, and we investigated the effect of matrix in regulating the bio-
logical mechanisms of deposited cells. Our results indicated that the silk-gelatin
matrix facilitated the proliferation (measured DNA content), migration, matrix
synthesis, and remodeling of the deposited MSCs into phenotypically stable car-
tilaginous tissue with suppressed hypertrophy. The committed chondrogenic dif-
ferentiation along with reduced hypertrophy was found to be a combinatorial
effect of bioink composition, matrix diffusivity and remodeling, cell type and
seeding modality, and proteoglycan production. The role of two major signaling
pathways, hypoxia-mediated HDAC4 and TGF-p-mediated SMAD4 signaling,
was evidently noticed.

Conclusions

During embryonic tissue development, cellular orientation, differentiation, and
matrix synthesis are tightly regulated by a time-dependent delivery of morpho-
gens or soluble factors in spatially controlled 3D microenvironment of multiple
cell types. Conventional tissue engineering strategies employ culturing cells on
top of a scaffold, leading to uniform localization of those factors and eventually
resulting in unwanted cell responses. Moreover, they lack the ability to recapitu-
late the complex anatomical architecture of human tissues/organs. Therefore, the
pressing need for custom-made, on-demand tissue replacements for replicating
the anatomical complexity and functional dynamics (cells, growth factors) of
human tissues paved the way for 3D bioprinting.
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Fig. 15.5 (a) Orientation of dispersed cells in single-cell level, (b, ¢) or collective cells, where
cell-cell distance can be predecided. (d, e) Multilineage differentiation of hTMSC cells in 3D
printed constructs, showing collagen type II staining for chondrogenic differentiation (d) and alka-
line phosphatase for osteogenic differentiation (e)
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Being a robust dispensing-based technique, bioprinting makes it feasible to
generate clinically relevant-sized constructs (centimeter scale) for tissue implan-
tation. Moreover, fabrication of heterogeneous tissue microenvironment using
hydrogel-based materials possessing differential stiffness, architecture, and
topography is especially required in the case of osteochondral tissue, interverte-
bral disc regeneration, etc. In order to achieve complex tissue heterogeneity
researchers may need to combine some other techniques with 3D bioprinting,
such as DNA-programmed assembly of cells [48]. Combined with 3D bioprint-
ing, DNA-programmed assembly could provide streamlined signaling by attach-
ing functionalized cells onto matrices and activating distinct patterns of spatial
heterogeneity for tissue morphogenesis, branching, etc. For branching and organ
morphogenesis-related research, defined tissue geometry by precisely control-
ling the positioning of cells in the matrix microenvironment can be of paramount
importance for deciding the extent of branching, for example, sprouting of blood
vessels [49], a task convincingly achievable using topographical control during
3D bioprinting.

Of all the hydrogel bioinks used so far, optimized blend of silk-gelatin bioink
is believed to possess huge potential for bioprinting 3D functional tissue analogs
with high resolution, low feature sizes, reproducibility, long-term cell viability,
and stem cell lineage commitment in aqueous medium (Table 15.1). There is
potential application in broader areas like establishment of in vitro diseased tis-
sue models, wherein an engineered tissue analog created using bioprinting will
be worthwhile.
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Potentials of Cord Blood Use in 1 6
Transfusion Medicine
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Abstract

Cord blood could prove to be the perfect choice for patients with severe anemia
of different indications where blood transfusion is required, after it is screened
for transfusion-transmitted infection. The reason for this suggestion lies in the
fact that cord blood contains a plentiful mix of fetal and adult hemoglobin, has
high WBC and platelet counts, and has a hypoantigenic nature apart from a dif-
ferent metabolic profile with inflammatory and noninflammatory cytokine sup-
port and an increased intrinsic affinity for oxygen.
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16.1 Introduction

Blood transfusions are sometimes essential to save life. However, many still die all
over the world, particularly in resource-constrained countries due to a scarcity in the
supply of safe blood and blood products free from transfusion-transmitted infec-
tious substances. Half a million women still die at childbirth from pregnancy-related
complications with hemorrhage accounting for 25% of such complications; it is the
most common cause of maternal death. Further, severe anemia, thalassemia, and
malnutrition can complicate diseases in children, especially in the developing world,
as also in adults, requiring blood transfusion. Over 80 million units of blood are
collected every year globally; of this amount, the developing world accounts for
only 39%. However, 82% of the global population lives in this region, thus leaving
a wide gap between supply and demand. Interestingly, cord blood could help fill this
gap and additionally add benefits yet unthought of. This paper examines the poten-
tials of cord blood with the objective of exciting the medical community to further
research.

16.2 Potentials of Cord Blood Transfusion in Transfusion
Medicine and Hematology

In a conservative estimate, approximately 100 million babies are born every year
with India contributing over 20 million births per annum, which means that over 20
million placentas are used for the growth of the fetus and later discarded every year.
Cord blood or fetal blood is a product of the placenta which has vast potentials. The
placenta is a multifaceted organ regulating feto-maternal interactions. Many inflam-
matory and noninflammatory cytokines that influence the lymphohematopoietic
environment are produced abundantly in the placenta. As such, placental umbilical
cord blood contains valuable materials over and above that of normal adult blood,
for instance, fetal hemoglobin. Further, since the fetus grows within the protected
environment of the maternal womb where the placenta acts as a sieve for all infec-
tions and provides immune privileges, placental cord blood may be assumed to be
safe as a result of the molecular screening intrinsic to the functional barrier of a
healthy placenta.

An estimated 8,785,000 L of cord blood is produced globally per year if an aver-
age of 84-90 ml/placenta collection is assumed. Our group of medical scientists and
clinicians, with financial assistance and permission from the Department of Science
and Technology, Government of West Bengal, and no objection from the Department
of Health and Family Welfare, Government of West Bengal, transfused ABO
screened and HLA randomized fetal blood which was tested free from transfusion-
transmitted infections like HIV 1 and 2, hepatitis B and C, cytomegalovirus, etc., in
cases of anemia resulting from malaria, diabetes, thalassemia, leprosy, rheumatoid
arthritis, tuberculosis, malignancy, and AIDS, only to name a few diseases that can
cause anemia, and found it not only to be safe but perhaps providing additional
benefits that need further study [1-12].
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16.3 Cord Blood and Stem Cells

In parts of the world where research is ongoing, a very small section of cord blood’s
mononuclear cells (0.01% nucleated cells) is used for transplantation purposes,
while the rest, i.e., 99.99% is discarded. However, the discarded part also has many
potential uses. On an average, the blood volume of a fetus at term is 80-85 ml/kg.
The placental vessel at term contains approximately 150 ml of cord blood. Cord
blood contains three types of hemoglobin, HbF, HbA, and HbA2, of which HbF
comprises the major fraction. HbA accounts for 15-40% and HbA?2 is present only
in minute amounts at birth. It may be noted that HbF, which is the chief component,
has a greater oxygen-binding affinity than HbA.

The use of CD34 hematopoietic stem cells from cord blood is now well docu-
mented. These are harvested in many laboratories globally and stored in cord blood
banks. But besides hematopoietic stem cells, cord blood also contains potent
angiogenesis-stimulating cells. CD34*CD11b* fraction of cells, which is approxi-
mately half of the CD34" fraction of cord blood, have been demonstrated to possess
the ability to differentiate into functional endothelial cells in vitro and in vivo [13].
In addition, there are some mesenchymal stem cells (MSCs) in cord blood which
are classically defined as adherent to plastic and expressing a non-hematopoietic
cell surface phenotype, consisting of CD34-, CD45-, and HLA-DR™, while possess-
ing markers such as STRO1, VCAM, CD13, CD29, CD44, CD90, CD105, and SH3
[14]. Moreover, cord blood cells with markers and activities resembling embryonic
stem cells have been discovered [15]. Investigators have identified a population of
CD34- cells expressing OCT4, Nanog, SSEA3, and SSEA4, which could be dif-
ferentiated into cells of the mesoderm, ectoderm, and endoderm lineages [15].

Cord blood as a source of stem cells was initially used extensively in the treat-
ment of pediatric hematological malignancies after myeloablative conditioning.
Apart from its use in oncological cases, the clinical utility of cord blood has been
established in various areas ranging from reconstitution of defective immune sys-
tems to correcting congenital hematological abnormalities and to inducing angio-
genesis. Additionally, experiments are ongoing on its regeneration potential which
may have long-term consequences for treatment of a variety of intractable diseases
[16—18]. It is therefore important to mention how cord blood is different from adult
blood and why it may serve as a blood substitute with additional benefits in certain
disease conditions.

16.4 Differencesin Adult and Cord Blood RBC

There are many differences in the structure and function of fetal (cord blood) and
adult RBC. In fetal RBC, (1) there is an increase of the immunoreactive myosin in
the red cell membrane [19]; (2) the total value of lipid, phospholipid, and cholesterol
is more in cord blood red cells than in adult RBC [20]; (3) there is reduced expression
of A, B, S, and Lutheran antigen in fetal RBC; (4) there is complete absence of Lewis
antigen in cord blood (fetal RBC) [21]; (5) there are also fundamental metabolic
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differences in cord blood and adult blood, viz., the activities of phosphoglycerate
kinase, enolase, glyceraldehyde-3-phosphate dehydrogenase, glucose phosphate
isomerase, etc. of the Embden-Meyerhof pathway are definitely increased in cord
blood [22]; and (6) the non-glycolytic enzymes like carbonic anhydrase and acetyl-
choline esterase are distinctly different from adult blood [23]. These differences are
significant because of the possibilities of better tolerance and additional benefits.

16.4.1 Origin of Fetal Hemoglobin

It is important to remember that fetal hemoglobin serves the fetus well during its
term in the womb producing a healthy newborn at the end. It is well known that most
types of normal hemoglobin, including hemoglobin A, hemoglobin A2, as well as
hemoglobin F, are tetramers composed of four protein subunits and four heme pros-
thetic groups. Whereas adult hemoglobin is composed of two « (alpha) and two 3
(beta) subunits, fetal hemoglobin is composed of two o subunits and two y (gamma)
subunits and is commonly denoted as a,y,. Because of its presence in fetal hemoglo-
bin, the y subunit is commonly called the “fetal” hemoglobin subunit.

The gamma subunit is encoded on chromosome 11, as is the beta subunit. There
are two similar copies of the gamma subunit gene: yG which has a glycine at position
136 and yA which has an alanine. The gene that codes for the alpha subunit is located
in chromosome 16 and is also present in duplicate. Fetal hemoglobin has greater
affinity for oxygen than adult hemoglobin. The P50 value (i.e., the partial pressure of
oxygen at which the protein is 50% saturated) for fetal hemoglobin, which is roughly
19 mmHg, is lower than for adult hemoglobin, which is approximately 26.8 mmHg.
As a result, the “oxygen saturation curve,” which plots percent saturation vs. pO,, is
left-shifted for fetal hemoglobin as compared to adult hemoglobin. This greater
affinity for oxygen is explained by the lack of fetal hemoglobin’s interaction with
2,3-bisphosphoglycerate (2,3-BPG or 2,3-DPG). In adult red blood cells, this sub-
stance decreases the affinity of hemoglobin for oxygen. This 2,3-BPG is also present
in fetal red blood cells but interacts less efficiently with fetal hemoglobin than adult
hemoglobin [24]. Ultimately, fetal hemoglobin has greater oxygen carrying capacity
than adult blood, and this has therapeutic potential in various diseases.

16.5 Future Research in Cord Blood

The word “potential”” has been used several times in this chapter, and that is because
of the limited nature of clinical experimentation because of existing regulations and
ethical debates. But there is no doubt, given the cellular and acellular components
of cord blood, that there is vast probability for clinical application. Contemporary
progresses in biological and medical research have introduced new technologies to
scrutinize the mechanisms of genetic switching of the hemoglobin chain from alpha
to beta during human fetal development, the site of hematopoiesis during fetal
development, and its change from yolk sac eventually to bone marrow. There are
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several issues involved here: do developing hematopoietic stem cells have the same
origin or are different sites involved in the shift of its synthesis and turnover? What
role does the stroma play as a hematopoietic organ, and how does it interact with
hematopoietic progenitor cells? What is the process of homing of hematopoietic
stem cells to a particular site in cases of amphibians, birds, and mammals, and why
do they home in the first place? Further knowledge in these areas may lead to a bet-
ter understanding of the issues and the development of animal models, successful
therapies, and novel methods to treat intractable diseases.

Medical research may provide answers to at least some, if not all, these questions in
the future. It is only through comprehension of hitherto unexplored areas that new
cures may be discovered. Investigators should be encouraged globally by the WHO or
similar responsible organizations and institutions to contribute to the understanding of
the molecular mechanisms underlying the immunomodulation capability of cord blood
and support the development of methods to use this immunomodulation in clinical
practice. Further, research to evaluate the outcome of such new strategies for the char-
acterization of the components of fetal blood and the placenta, their use in therapy, and
the measurement of outcomes from treatment trials should also be promoted.

Here, it is interesting to note that new work on pregnancy cytokines provides
insights into understanding the expression of different antigens and their presence
or absence. Regulations using animal models, like human hematopoiesis in animal
hosts following xenograft in SCID mouse system and fetal sheep systems, also
appear promising. Similarly, the therapeutic potential of nucleated RBC, CFU,
Gower 1 and 2 hemoglobin collected from the developing human fetus, if applied in
human and animal system to treat refractory anemia, may have fruitful clinical
inference for futuristic medicine. Future research may focus particularly on the fol-
lowing features of cord blood science:

(a) Autologous and allogeneic cord blood transfusion from neonates to the geriatric
group.

(b) Serum constituent characterization like interleukins and interferons and its
impact on therapy using cord blood serum, viz., cord blood biomarkers, IL1p,
IL6, and IL8, which are selectively associated with fetal infection. These mark-
ers may be clinically useful indicators of extensive intrauterine infection associ-
ated with poor neonatal outcome.

(c) Role of fetal blood in suppression of inflammation and role of cytokines like
IL3, G-CSF, M-CSF, and GM-CSF in immunoregulation.

(d) The mechanism of inflammation of the growing fetus and its reflection on fetal
blood using the animal model.

(e) Role of modifiers of inflammation in fetal blood by regulatory T cells.

(f) Emergency use of fetal mononuclear cells in fetal blood in case of nuclear radi-
ation (because of regeneration potentials).

(g) The use of fetal blood in different indications as a blood substitute when there
is more demand than supply of blood for transfusion.

(h) The use of serum from cord blood for any purpose, viz., cord blood serum to
treat corneal xerosis and ulceration.
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(i) Antigen expression and metabolic differences of cord blood and adult blood
with special reference to clinical implications.

(j) Comparison of cord blood preservation and its functional variation with adult
blood due to the impact of cryopreservation.

(k) Containment of possible adverse outcomes after cord blood transfusion or its
constituent therapy (NB no adverse reaction was noted in the last 17 years of
work in the field by the group of present researchers).

(I) Prophylactic use of leukocyte-reduced components of cord blood to prevent
primary HLA alloimmunization, which may be a major cause of refractoriness
to platelet transfusion [25].

16.6 Implication of This Work in Global Perspective
of Transfusion Medicine and Hematology and Cell
Therapy/Regenerative Medicine

1. The use of cord blood as a true blood substitute has been studied by the present
investigator from 1999 with the permission of and a supportive grant from the
Department of Science and Technology and the Department of Health,
Government of West Bengal. Constant case to case monitoring was done by the
Institutional Ethics Committee.

2. We are the first in the world to use cord blood in case of anemia (hemoglobin less
than 8 g percent) of any etiology precipitated by diseases like AIDS, tuberculo-
sis, rheumatoid arthritis, cancer, thalassemia, diabetes with renal impairment,
leprosy, and malaria, just to name a few. Our findings were published for the first
time in peer-reviewed indexed journal in 2001 and updated from time to time
[1-12].

3. The use of cord blood, rich in fetal hemoglobin (which can carry more oxygen to
the tissue, 60% or more so), can potentially have positive impact in critical
phases of myocardial infarction when the oxygen support to nasal or oral route
is becoming refractory, by helping in recovery. Other conditions of poor oxygen
intake can be reversed with this new application in emergency and lifesaving
situation, thus opening a new vista of knowledge in critical care therapeutics.

4. Classical textbooks like Wintrobe’s Clinical Hematology suggest that the alter-
native for blood transfusion is transfusion of blood.

5. Blood has three essential functions: (a) to carry hemoglobin to cell/tissue/organ,
(b) to fight infection with the leukocytes, and (c) platelet and coagulation cas-
cade which controls bleeding of any etiology. Cord blood fulfills all three
requirements and is a true and essential blood substitute in any condition of
emergency to a situation of combating anemia.

6. Hypoantigenic cord blood and poor ABO antigen presentation have grossly
reduced transfusion-related clinical problems.

7. In our 18 years of experience of cord blood transfusion of more than 1000 units
of cord blood, we have never encountered a single case of visible graft-versus-
host reaction so far.
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8. In the developing world, in particular, transfusion-transmitted infection screening
is done by ELISA method which is not foolproof; cord blood, on the other hand,
is screened through the placenta which acts as the functional blood placental bar-
rier. This is molecular screening and is comparable to the sensitivity of PCR tech-
nology (at least), making cord blood absolutely safe for transfusion in case the
placenta and the baby are healthy. We have verified this with our routine screening
method for fetal blood before transfusion to patients and its follow-up for nearly
two decades, which is the length of our research work on blood substitute.

Conclusion

Our group of medical scientists and clinicians in Kolkata (Calcutta) has conducted
over 1000 cord blood transfusions with safe outcomes in all cases, as indicated in
our published studies, from 1999 till recent times in children and adults for various
indications [26]. Not a single case of immediate or delayed immunological or non-
immunological reaction was reported. All transfusions were duly screened and
approved by the Institutional Ethics Committee, and consent was obtained from
the patient/guardian and the donor’s guardian. We suggest that the medical frater-
nity, globally, should use cord blood, a precious gift of nature, which is free from
infection, is hypoantigenic in nature, has an altered metabolic profile, is enriched
with growth factors and cytokine-filled plasma, and has a potential higher oxygen
carrying capacity than adult blood, as an emergency source of blood transfusion for
the management of anemia of any etiology. Further, some of the questions raised
in this paper should be investigated, following all ethical standards, so that the full
potentials of cord blood may be scientifically investigated and benefits extracted.
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Abstract

Hematopoietic stem cell (HSC) transplantation for malignant and nonmalignant
hematological disorders has been an accepted modality for over five decades.
The establishment of umbilical cord blood (UCB) as an alternative source of
HSC has opened up new vista in the field of HSC transplantation. This has also
led to a surge in establishment of UCB banks around the world, and similar
activities have seen an increase in India in the last decade. The chapter focuses
on the policies/guidelines regulating banking sector across the globe and the cur-
rent Indian scenario and the challenges faced. This chapter sheds light on the
private versus public debate and the need for the hour in Indian context. The
concerns and issues faced by the Indian policy makers and possible future direc-
tions are highlighted.
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17.1 Introduction

In 1988, the successful treatment of a child with Fanconi’s anemia with umbili-
cal cord blood (UCB) from its sibling marked a turning point in the history of
stem cell transplantation. It established UCB as an alternative source of hemato-
poietic stem cells (HSCs) to treat patients with life-threatening blood cancers
and metabolic or immune system disorders [1]. The UCB banking started in the
USA with establishment of first-ever public cord blood bank at New York Blood
Center in 1992 through funding provided by the National Institute of Health
(NIH) [2]. In 2005, US Congress passed national cord blood legislation, the
Stem Cell Therapeutic and Research Act of 2005, to create national inventory of
150,000 diverse, high-quality cord blood samples [3]. Since the establishment of
the first UCB bank, there has been an exponential growth in the sector owing to
the fact that as compared to bone marrow, UCB collection possesses no medical
risk to the donor (infant and mother), no donor attrition, practical ease of storage
and transport of frozen tissue, possibility of HLA-mismatched transplantation,
and reduced chances of infection and graft-versus-host disease (GvHD).
Recognition of clinical utility of UCB over the years in pediatric as well as adult
patients along with refinement in techniques for its collection, storage, and trans-
plant has further fueled the trend for UCB banking worldwide. There are nearly
450 active cord blood banks across the world [4]. Almost 730,000 UCB units are
stored in around 160 public banks across the globe, while it is estimated that four
million units are preserved in private banks for family or self-use [5]. These
numbers are likely to increase in view of the increasing chronic disease burden
requiring potentially new treatment option such as stem cell transplantation. The
global UCB market is expected to touch about $19.34 billion by 2020 with Asia
Pacific showing the fastest growth [6]. In addition to hematopoietic stem cells,
UCB is also a source of mesenchymal stem cells (MSCs), and other rich source
of these cells in placenta is Wharton’s jelly. Globally, there is a paradigm shift
from banking of cord blood cells alone to baking of different kinds of cells, tis-
sues, and blood factors from placenta, which is expected to bring a dramatic
change in the global market of cord blood banking and practices in the near
future.

In India, the Tata Memorial Hospital pioneered bone marrow transplantation
(BMT) in 1983 as well as the UCB-derived HSC transplantation in 1996. The first
initiative to set up an umbilical cord blood bank for cancer patients was at Sir
Hurkisondas Hospital, Mumbai, and it was reported to have collected and cryopre-
served about 4000 units [7]. The private cord blood banking practices in India
started with Reliance Life Sciences establishing Relicord in 2002 [8] followed by
Cryo-Cell International, USA, establishing its first cord blood bank Life Cell
International Pvt. Ltd. in Tamil Nadu in the year 2004 [9]. The field has since then
seen a number of domestic and international players making large investments to set
up cord blood banks, and so far 14 UCB banks (Table 17.1) have been established
in India that are licensed by CDSCO [10].
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Table 17.1 List of the UCB banks licensed by Central Drug Standards Control Organization and
their storage inventories

Licensed firms on Form 28-F to collect, process, test, store, Units
S. No. | bank, and release of umbilical cord blood stem cells Category | stored
1 Best Wellcare Management Services Pvt. Ltd. (Indu Stem Cell Private 182
Bank), Vadodara, Gujarat
2 Cord Life Sciences India Pvt. Ltd., Parganas, West Bengal Private 45000
3 Cryo-Save (India) Pvt. Ltd., Bangalore, Karnataka Private 5000
4 *Cryobanks International India Pvt. Ltd., Gurgaon, Haryana Private 95266
5 Jeevan Blood Bank & Research Centre, Chennai, Tamil Nadu Public 6200
6 Lifecell International Pvt. Ltd., Chennai, Tamil Nadu and Private 200000
Gurgaon, Haryana
7 Narayana Hrudayalaya Tissue Bank & Stem Cells Research Private NK
Centre, Bangalore, Karnataka
8 Path Care Labs Pvt. Ltd., Ranga Reddy Dist., Andhra Pradesh Private NK
9 Ree Laboratories Pvt. Ltd., Mumbai, Maharashtra Private 4500
10 Regenerative Medical Services Pvt. Ltd., Pune, Maharashtra Private 20000
11 Reliance Life Sciences Pvt. Ltd., at Dhirubhai, Mumbai, Private 3500
Mabharashtra
12 Stemcyte India Therapeutics Pvt. Ltd., Gandhinagar, Gujarat Private 5000
13 TotipotentRX Cell Therapy Pvt. Ltd., Gurgaon, Haryana Private NK
14 "Unistem Biosciences Pvt. Ltd., Gurgaon, Haryana Private 158

NK information not known
“Now known as Cryoviva Biotech Pvt. Ltd.
"Now known as Cellugen Biotech Pvt. Ltd.

17.2 Advantage of UCB Over Bone Marrow/Peripheral Blood

HSC transplant (HSCT) is a worldwide accepted modality for some of the malignant
and nonmalignant hematological disorders since several decades. Autologous source
of HSCs may not always be an answer to these conditions, and getting matched
donor is a big challenge. HLA matching has been a decisive factor in HSCT because
a close HLA match leads to increased chances of a successful transplant. It improves
engraftment and reduces the risk of complications after transplant, especially graft-
versus-host disease (GVHD) [11]. In an attempt to make HSCs more widely avail-
able to the large number of patients who do not have an HLLA-identical sibling, large
international volunteer adult (bone marrow and peripheral blood) donor registries
were created in the 1980s. Even after 20 million registered tissue-typed adult donors
in the National Marrow Donor Program and the affiliated registries [12], transplant
physicians face several challenges, and these are:

(a) In case an adult donor, a match at least six or seven of these eight HLA markers
is required. Due to inheritance pattern of the highly polymorphic HLA, the
chances of finding a fully matched related donor are only 30%. For the remain-
ing 70% of patients, an unrelated donor stem cell source must be found.
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(b) High attrition rate of registered donors.

(c) Long waiting time with median time greater than 4 months.

(d) Donors’ apprehension associated with invasive techniques of bone marrow and
peripheral blood collection.

Anesthesia, required for bone marrow aspiration, carries risks to the donor.
Peripheral blood requires prior stimulation of the donor by granulocyte-colony
stimulating factor (G-CSF) and apheresis that takes several hours. Large and
accessible cord blood collections could resolve several of these issues. For HSCT
using UCB, at least four of six markers at HLA-A, HLA-B, and HLA-DRBI1 are
considered to be adequate as these cells are less mature than adult donor cells and
thus have less strict matching criteria [2]. Moreover, HSCs obtained from UCB
appear to have advantages over those from bone marrow or peripheral blood (PB)
as evident from studies in animal models and clinical transplantation which
showed that there are subtle changes in quality of HSCs throughout development
and life. It has been suggested that less primitive unilineage stem cells become
more frequent with age or hematopoietic stress. The proliferative and differentia-
tion ability of HSCs collected from different sources differs affecting the ability of
HSC:s to reconstitute hematopoietic system, thereby affecting the effectiveness of
transplantation. Human UCBs being naive and biologically younger have been
subjected to less genotoxic damage and epigenetic modification than their adult
counterparts, thus making it especially suited for hematopoietic stem cell trans-
plantation [13]. Recent years have seen a steady incline in use of UCB-HSCs for
transplant in pediatrics as well as adults, and so far 40,000 UCB transplants have
been performed worldwide [14]. In India, due to lack of public/government sup-
port, UCB banking and hence CB stem cell transplant are restricted for private
use, which often goes unreported. Though UCB is a good source of primitive
HSCs, it has few disadvantages such as delayed engraftment, inadequate cell num-
ber for late adolescence recipients, unavailability of donor for second donation,
and sustainability of the UCB banks; however, the advantages of UCB as HSC
source outweigh these.

In view of the challenges faced in finding a fully matched donor of bone mar-
row/peripheral blood and given the fact that there are 130 million babies born
each year worldwide, UCB may represent the largest potential source of stem
cells for transplantation and regenerative medicine, which is more so in Indian
context owing to the high birth rate-prevailing country. The advantages and
advances in the use of UCB for HSCT have accelerated the growth of UCB bank-
ing sector though in India it is still an early phase as the number of UCB stored
per capita is low [15]. Considering the lack of an exclusive national donor registry
for bone marrow and awareness, risks involved with BMT, establishing UCB
banks in India becomes a necessity so as to make available fully matched UCB-
HSC:s for transplant to a large number of ethnically and genetically diverse group
of Indian patients who will otherwise fail to find a match from international
registries/banks.
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17.3 Private Versus Public Banking

UCB banking worldwide is done either on private or public basis. Private UCB
banks are run by private entities and thus are popularly known as private banks; they
are also known as family banks because they exclusively store the UCB for future
use of the child or family members (siblings). Banking of UCB in such banks comes
at a high cost to the parents, and the stored unit is the property of the child under the
guardianship of parents. The registries of such samples are not made for general
search nor are these available for public use [16, 17]. UCB in such banks is stored
on the assumption that it will eventually prove to be an important source of HSCs
for regenerative medicine, in case a need arises in the future. At present, such clini-
cal applications of stem cells are still investigative, and the value of stored UCB
remains uncertain. The medical utility of the sample stored in private UCB banks is
thus more potential than actual leading to controversy on the ethics of storing UCB
privately [18]. On the other hand, storage of UCB in public banks is maintained on
public funding. The parents, after informed consent, voluntarily donate the UCB of
their newborn, which then becomes public property to be used for unrelated alloge-
neic transplant. It is mandatory that the samples donated in public banks be screened
based on volume, cell number, tissue typing, health history, and infectious disease
status before they are inducted into the registry [2].

The inception of banking practices ensued a debate on public versus private
banking. The Western world has several public banks where UCB is stored for allo-
geneic (or nonself) transplants, and based on the clinical data, private banking for
autologous (or self) use is not encouraged. Several international bodies such as
American Academy of Pediatrician, American Society for Blood and Marrow
Transplant, Royal College of Obstetricians and Gynecologists, American College of
Obstetrics and Gynecology, American Medical Association, European Group on
Ethics in Science and New Technologies, etc. do not recommend routine private
banking for future self-use [2]. The reasons being:

1. The likelihood of the stored blood being used for HSCT is very small, probably
as low as 0.005-0.04% in the first 20 years of life.

2. Stem cell transplant using an individual’s own cord blood (autologous trans-
plant) cannot be recommended for genetic disorders.

The private banking is suggested in cases where there is a relative/sibling with a
condition or there is a family history of malignant or genetic conditions that can be
treated with HSC transplantation. Moreover, banking for allogeneic transplant is
recommended when there are shared HLA antigens between parents [16]. In addi-
tion to the above, the field of stem cells is making great advances with potential new
sources of different stem cells (like iPSCs or mesenchymal stem cells from different
adult tissues) though the potential clinical applications of stem cells from these as
against UCB stem cells are not clear at present. Despite reservations shown by the
experts both at international and national levels on UCB banking for future
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autologous use, the market for private UCB banking is flourishing throughout the
world, and with the aggressive advertisements by private banks in India, the trend is
now catching up.

There is high prevalence of hematological disorders including blood and lym-
phatic system, cancers, aplastic anemia, thalassemia, etc. in India, and thus HSCT
is frequently being done for these patients [7, 19, 20]. Autologous CBT will not be
useful in many of these conditions as they will carry the same genetic defects which
led to the disease. Thus, the need of the hour is public banks where UCB units for
allogeneic transplant are made available. In fact with its large and ethnically diverse
population and high birth rate, public banking in India can prove to be a boon for
ailing population reducing the financial and emotional burden on patient’s families
and decreasing the health costs of the nation in management of hematological dis-
orders. The same philosophy is echoed in the National Guidelines for Stem Cell
Research-2013 (NGSCR-2013) that forthrightly discourages banking of UCB for
future self-use. Instead voluntary donation to public cord blood bank for allogeneic
transplant and research purposes is encouraged, and it has been suggested that
such voluntary donations, preferential access/benefit in future, should be given to
self/relatives [21].

17.4 Governance of UCB Banks Across the Globe: The Policies

The high stakes involved in the UCB banking sector along with increasing aware-
ness on banking warrant that the field be regulated to ensure maintenance of quality.
Across the globe, different countries have formulated policies to regulate the collec-
tion, storage, and release of the stored UCB for transplant. In the USA, banking of
UCB is regulated by law—the Stem Cell Therapeutic and Research Act of 2005
[3]—which was enacted based on the recommendations of the report issued by
Institute of Medicine (IOM) to Congress on cord blood banking. This federal legis-
lation authorized funding for banking 150,000 new units of high-quality and geneti-
cally diverse cord blood units for allogeneic transplant and established National
Cord Blood Inventory (NCBI). The Stem Cell Therapeutic and Research
Reauthorization Act of 2010 (P.L. 111-264) amended the number of cord blood
units that are to be available from the NCBI from a total of 150,000 to at least
150,000 cord blood units [22]. The act was reauthorized in 2015, and both 2010 and
2015 acts required the US Government Accountability Office to report on efforts to
increase cord blood unit collection for the NCBI [23]. The US FDA requires all the
banks to register their establishments and list human cells, tissues, and cellular- and
tissue-based products (HCT/Ps). FDA considers unrelated allogeneic cord blood
products to have systemic effect and regulates them as biological products and
drugs. Thus, the public banks are required to obtain Biological License [24].

The European Union Tissues and Cells Directive (EUTCD 2004/23/EC) creates a
common framework to ensure high standards in the procurement, testing, processing,
storage, distribution, and import or export of human tissues and cells including
umbilical cord blood across the European Union [25]. The EUTCD came into force
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on April 7, 2006, throughout the European Union. It may be noted that though the
directives apply to both private and public banks, the private banking is banned in
some of the European countries. The Human Tissue Authority (HTA) was set up in
the UK under the Human Tissue Act 2004 to regulate umbilical cord blood collection
and is one of the UK’s competent authorities under the European Union Tissues and
Cells Directive. The HTA rules stipulate that UCB can only be procured by trained
staff and only on premises that meet essential standards. HTA license will normally
be required for any organization carrying out procurement of tissues and/or cells for
patient treatment, or the organization must alternatively ensure that the procurement
is taking place on behalf of a licensed establishment under a suitable third party
agreement. HTA is responsible for giving advice on the HT Act and for ensuring that
establishments performing these activities are regulated by issuing guidance, codes
of practice, and licensing guidance for the professional sectors they regulate as well
as carrying out inspections to ensure license conditions are being met [26, 27]. Cord
blood banks in Australia are licensed by Therapeutic Goods Administration (TGA)
which mandates compliance with the FACT-NetCord Cord Blood Standards. Initially,
family cord blood banks in Australia were only licensed to release cells for autolo-
gous use by the baby from whom they came. However, there was no legislation pro-
hibiting the use of privately stored cord blood for siblings, and it was allowed as
needed on a case-by-case basis. Finally, the regulations were amended so that family
bank licenses now cover sibling use of the cord blood as well [28].

In India UCB banks are licensed by Central Drugs Standard Control Organization
(CDSCO). Initially in absence of separate rules, the UCB was established under the
rules of blood banking. The new rules were drafted and amendment made to the
Drugs and Cosmetics (Third Amendment) Rules, 2011 (Gazette Notification No.
GSR899 (E) dated 27/12/2011). This amendment describes the conditions of license
and requirements for collection, processing, testing, storage, banking, and release of
umbilical cord blood-derived stem cells [29]. The document also provides forms
27-F, 26-J, and 28-F for application for grant/renewal of license, certificate of
renewal of license, and license to collect, process, test, store, bank, and release
umbilical cord blood stem cells, respectively. The Clinical Establishment Act
Standards for Stem Cell Laboratory (Peripheral Blood Stem Cells and Umbilical
Cord Cells) under Clinical Establishments (Registration and Regulation) Act, 2010,
enacted by Ministry of Health and Family Welfare describes standards for stem cell
processing and storage for facilities that collect, process, test, cryopreserve, and
distribute stem cells derived from umbilical cord blood, bone marrow, mobilized
peripheral blood, and others for hematopoietic and non-hematopoietic transplanta-
tion [30]. In addition to the above, UCB banks need to follow the NGSCR 2013
wherein it is required that the standard operating procedures (SOPs) for collection,
transportation, processing, storage (cryopreservation), and release for clinical use of
umbilical cord blood/cells should be approved by Institutional Committee for Stem
Cell Research (IC-SCR) and Institutional Ethics Committee (IEC). Besides fulfill-
ing the local requirements of the respective government agencies, the banks can
acquire accreditation from international entities like AABB, NetCord-FACT, etc. to
stand par with the global requirements for cross-border banking.
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17.5 The Concerns in UCB Banking Sector

The policies and regulations are available in different countires to regulate the cord
blood banks, yet there are concerns. It is interesting to note that the practices of the
cord blood banks from three different parts of the world—the USA [31], the UK
[32], and India [33]—point toward common concerns which are largely about the
conduct of private banks and the way these banks are regulated by the government
agencies. Major criticism faced by private banks is regarding their aggressive and
compelling marketing propaganda to store the UCB as a definite future life insur-
ance for the child. The private banks exploit parents’ emotions and anxiety that they
may not provide a safe future for their children if they do not bank the newborn’s
tissue. Often, the expectant parents are not fully informed about the fact that autolo-
gous application of stored tissues will not be possible if the child suffers from a
disease condition arising due to genetic defects as the stored stem cells will also
carry the same defect. In case of nongenetic diseases, parents are not clearly
informed that the clinical safety and efficacy of stem cells for most of the indica-
tions are still under investigation, and the stored tissues may or may not be able to
cure the disease. The fact that the definite clinical use of stem cells in many diseases
remains to be proven, it is further argued that private banks take away the UCB that
could have been used for the patients suffering from conditions where its therapeu-
tic application is scientifically proven [18]. Besides UCB the banks are also offering
to store cord tissue, Wharton’s jelly, dental pulp, adipose tissue, menstrual blood,
etc. There is no evidence that stem cells from various sources/tissues other than
UCB have definite clinical application as yet. Thus, luring clients/parents with the
claims that the stem cells from such sources/tissues shall be useful in the future to
treat some disease is an unproven activity.

Another major concern is the misleading and luring advertisements by these enti-
ties involving big celebrities as their brand ambassadors. The accountability of these
celebrities endorsing the claims made by the entities is being questioned and is the
topic of debate in the social media. Moreover, it has become a status symbol to store
the UCB because celebrities are doing the same. The expectant parents venture
under the influence of such advertisement without knowledge about possible self- or
family use. They are emotionally and economically burdened to store the child’s
UCB as a form of biological insurance for future use. The advertisements are mis-
leading the public into believing that the child’s own UCB can protect it from the 80
different medical conditions, and this statement is not scientifically supported.
Another propaganda made on the websites of the private banks is the utility of stem
cells in several incurable diseases (unproven conditions) through blogs and testimo-
nials of patients and doctors. This again is a catch-22 situation for the expectant
parents who are made to think that they are depriving the child of future panacea by
not storing the UCB. Moreover, banks also indulge in practices like following up the
expectant mother and healthcare professionals offering them incentives to for avail-
ing the facilities.

In addition, serious concerns are raised on the sanctity of the procedures fol-
lowed for collection and storage of the samples by these banks. Despite paying fees
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for storage, the clients are often unaware of the conditions under which the cord
blood/tissues are stored and the viability of the stem cells in these tissues as evident
from the news which reported that the samples provided by some of these banks
could not be used in clinical studies as either they were not tested for contaminants
or diseases or did not have enough viable cells that could be transplanted into the
patients. None of the regulations are clear on the fate of the stored tissues in case of
natural calamities, closure due to withdrawal of license, or any other reasons.
Furthermore, once licensed, the inspection by the licensing agencies of such facili-
ties at regular interval for continuous compliance with the required standards
remains a big challenge. Also, the packages offered by different banks vary signifi-
cantly for the same services indicating a need for uniform policy on price control.
The terms and conditions for banking also need to be carefully evaluated and defined
so as to prevent the private banks from putting unnecessary clauses in their own
favor. Another disturbing trend that has been on rise particularly in India is the
involvement of these banks in offering stem cell therapy, on commercial basis,
whose safety and efficacy are yet to be proven.

The per capita UCB storage is still very low as the large population is unable to
afford the expenses incurred on availing this so-called biological insurance. The
banks are also working toward refining the techniques to expand the UCB stem cells
from the collected samples in order to obtain sufficient quantity required for clinical
transplantation and if repeated use is needed. In effect they are even collecting
smallest possible volume of UCB, on request of client which otherwise not recom-
mended practice as per international standards. This further increases the cost of
storage, ultimately making it accessible only for the affluent society.

17.6 Future Directions

India with its large population, vast spectrum of diseases, and availability of world-
class infrastructure, trained researchers, and medical professionals at comparatively
lower cost makes for an attractive destination for investments in health sector. One
such sector is UCB banking which has seen rampant establishment of private stem
cell banks in the last decade. But as discussed above, the field is rigged with unethi-
cal practices. A sincere effort has been made by different government agencies to
deal with such situations and bring out guidelines and regulations that can help to
curb unethical practices. Despite these efforts, it is well understood that the field is
ever-evolving, thus necessitating review and update of existing notifications, guide-
lines, and regulatory framework. It is realized that there is a need for guidance docu-
ment that clearly defines regulatory requirements of banking of cord blood/tissue,
other tissues right from collection, isolation, storage, maintenance, transport, and
release including periodic check on percentage viability of cells and other quality
assurance and quality control conditions at each step. The international guidance
documents available to these effects need to be studied and adapted to Indian con-
text so as to cover guidelines for quality of the cord blood product as well as criteria
for release.
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Misleading advertisements are one of the biggest menaces that need to be tackled
to counter the misinformation created by the commercial banks. A necessary step
toward this would be to create aggressive public awareness by holding public lec-
tures across the country and rope in professional advertisement agencies to develop
campaigns, to educate the stakeholders, and also to implement/initiate action as per
the existing laws including Drugs and Magic Remedies (Objectionable
Advertisement) Act, 1954 [34], and Indian Medical Council (Professional, Conduct,
Etiquettes and Ethics) Regulations 2002 last amended in 2016 [35].

There is a need to look beyond private and public banking divide and search for
newer models called the hybrid models of UCB banking [ 18] which will better work
in the developing country like India given the fact that affordability for private bank-
ing is limited to the elite. Global trend is changing from the storage of cord blood
units primarily for the self-use to that for ailing sibling or relative. Understanding
limitations of the clinical application of the stored unit for self-use and at the same
time making it affordable and accessible for population in need, the existing banks
are coming up with hybrid model with storage facility for both personal and public
use. Several of such models are being practiced in different parts of the world:

1. In Turkey, as per government legislation, 25% of all privately stored UCB is
donated to the public system.

2. In the Spanish model, cord blood stored in a private bank is recorded on the
Official Spanish Register of Bone Marrow Donors, and if patient finds a correct
HLA match, parents are obliged to donate the cord blood, and the storage fee is
reimbursed.

3. Eighty percentage of the cord blood is donated to the public sector, and 20% is
stored for private use in Virginia. Profits are used to fund stem cell research.

4. Several private banks in Germany offer parents the option of privately storing
cord blood which can be released for use if it is matched to a patient who needs
an allogeneic transplant if parents wish to release the sample.

On similar lines, a new concept of community banking has recently been intro-
duced by a private bank in India wherein the parents preserving their baby’s UCB
join the community stem cell bank. These units become a part of UCB inventories
that can be accessed only by parent who have agreed to be part of the community
banking.

Another possible viable model is the public and private partnership (PPP) in
which government and private companies come together to establish public banks.
The organizational structure and functioning of such banks can be worked out based
on the need of the country and monetary, management, and human resource contri-
bution from each entity. The burden of the diseases that are permitted to be treated
by HSCT is high in India. Therefore, establishment of public cord blood banks for
allogeneic transplant is an urgent and immediate requirement. India needs to review
the public banking/hybrid banking/PPP models across globe and find an answer that
suits best to pave way for setting up public UCB banks. Moreover, the field of stem
cell is ever-evolving with everyday developments leading to newer processes and
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products. The research is thus an integral part of it and will always remain so.
Clinical applications of stem cells are being explored extensively for varied lifestyle
and incurable diseases besides established use for hematological conditions. Thus,
along with the promotion of setting up of public banks, it is important to develop
model wherein part of the donated tissue is utilized for research and development
activities. This will only be possible with funding from concerned Government
Ministries similar to the very recent initiative for establishment of Indian Marrow
Donor Registry (IMDR). Republic of India is an ethnically diverse country with 29
states, each having its own health-related issues. The state governments may take up
the initiatives to set up public UCB banks along with Research and Transplant
Centers for a one-stop solution. This may be possible through public-private part-
nership or by state government funding similar to Jeevan Cord Blood Bank in
Chennai, Tamil Nadu, and recently reported cord blood bank at School of Tropical
Medicine, Kolkata. Networking of these banks and the registry of transplantation
will further strengthen the optimal utilization of the stored material. The private
bank can still try to lure parents by stating that, in case the family needs the UCB,
the altruistic donations to public banks will not be beneficial as once donated the
sample is a public property. To tackle such a situation, a mechanism should be in
place where family that donated the UCB sample should be provided with their
stored unit, if available or given preference when an HLA-matched sample is avail-
able as per the existing format of blood banks.

The policy implementation remains a big challenge in India. Stricter measures
are required to enforce rules and regulations so that the private banks comply with
the existing guidelines and pave way for ethical practices in the field. Over and
above, a sincere effort from all the stakeholders is required to work toward better-
ment of health of patients in an ethical manner as ethics is a virtue that comes from
within and cannot be forced upon. At the same time, spreading awareness among
the stakeholders particularly end users is the need of the hour.
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