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Abstract Regenerative Medicine (RM) has the promise to revolutionize the
treatment of many debilitating diseases for which the current therapies are inad-
equate. To realize the full potential of RM, a pragmatic approach needs to be taken
by all stakeholders keeping in mind the lessons learnt from recombinant protein
manufacturing, gene therapy trials, etc., to develop novel service delivery models
for economic viability and regulatory processes in the absence of long-term data.
In this chapter, we focus on the three main drivers of RM field and discuss the
potential pitfalls and possible ways to mitigate them in order to move the field
closer to clinical implementation.
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1 Introduction

As the median age of the population shifts higher and as improvements in clinical
and pharmaceutical management push the lifespan longer, debilitating degenera-
tive diseases are gaining the spotlight as the new medical challenge that needs to
be addressed in ever greater demographic. In this context, Regenerative Medicine
(RM) promises to be the next leap in innovating the standard of care, and possibly
offering curative solutions to many degenerative conditions.

In this chapter, we will focus on three main aspects of RM, cell-based therapies,
tissue engineering and harnessing the regenerative capacity of endogenous organs,
and review the recent progress and major obstacles in each.

2 RM and Cell-Based Therapies

RM and stem cells are intricately linked. Stem cells provide the nodal points for
obtaining a variety of cell subtypes with specialized functions—the very functions
that RM aims to restore such as insulin producing beta cell or, in case of cyto-
immunotherapy, novel functions such as targeted anti-tumor effect. Starting from
the discovery of hematopoietic stem cells (HSC) (Becker et al. 1963), and building
on the knowledge gained from decades of research on HSC, the discoveries of
other somatic tissue adult stem cell-like cells with restricted potential such as
mesenchymal stromal cells (MSC) (Pittenger et al. 1999), muscle satellite cells
(Seale and Rudnicki 2000), and neuronal stem cells (NSC) (Reynolds and Weiss
1992) have incrementally moved the RM field forward. However, the discovery of
embryonic stem cells (ESC) (Thomson et al. 1998) has been seminal in aug-
menting interest in this area by several orders of magnitude. This is because ESCs
afforded access to previously unavailable compartments such as cardio vascular
and mesendo-dermal derivatives (such as beta cells) owing to their pluripotency.
Also, this cell type in principle, removes the obstacle of obtaining stem cells in
sufficient quantities to remedy a particular disease, as it would truly be used for
cell-replacement therapy. However, ESCs also brought with them ethical contro-
versies and technological limitations. The field of RM got a second enormous
boost following the discovery of methods to ‘‘induce’’ multi or pluripotency in
post-mitotic somatic cells—by generation of induced pluripotent cells (iPS)
(Takahashi and Yamanaka 2006). Through iPS cells, it is now possible to obtain
disease-specific and patient-specific stem cells, their differentiated progeny and
model the disease progression, discover appropriate intervening actions, achieve a
desirable number of target cells for administration, and even mitigate immu-
norejection without using embryonic tissue and thereby eliminate ethical concerns
(Robinton and Daley 2012). Advances in this area are also being made with
‘‘direct’’ reprogramming where it may be feasible to reprogram one mature phe-
notype to another without transmitting to a less mature state (Davis et al. 1987;
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Vierbuchen et al. 2010; Pang et al. 2011; Huang et al. 2011), although it is unclear
how similar this re-programming process is to normal development.

2.1 Recent Progress in Cell-Based Therapies

Considerable effort and research investment is being made to harness the potential
of cell-based therapies in almost all physiological and pathological conditions.
There are over 5,000 clinical trials ongoing globally with various stem cells, and a
similar number or more in the preclinical translational stage of research
(www.clinicaltrials.org; (Culme-Seymour et al. 2000)). Despite this tremendous
interest and progress, only a handful of cell-based therapies are commercially
available including Osiris’s Prochymal for pediatric Graft-versus-Host Disease
(GvHD) in Canada and New Zealand (2012), Dendreon’s Provenge for metastatic
castrate-resistant prostrate cancer (2010), Genzyme’s Carticel (1997) for articular
cartilage injuries, TETEC’s Novocart

�
(for joint cartilage), etc. In the pipeline

though are a few companies employing adult stem cells in late phase clinical trials
such as Aastrom’s Ixmyelocel-T for Critical Limb Ischemia, Mesoblast’s Mes-
enchymal Precursor Cells for Type II Diabetes, Recent Acute Myocardial
Infarction, Heart Failure, etc.; positive outcomes in Phase II and Phase III trials are
needed to enable market approval and justify the commercialization of these
products. Others such as Geron’s Phase I trial using hESC-derived oligodendro-
cytes have stopped investigations because of economic non-viability. There are a
number of safety, efficacy, manufacturing, regulatory, and economic hurdles that
need to be overcome to enable the successful commercialization of stem cell-based
therapeutics.

Considerable effort has also been made into translating the promise of gene
therapy. Over the past decade a number of clinical studies have provided proof of
concept that genetically modified hematopoietic stem and progenitor cells can be
used to treat metabolic disorders and monogenic diseases (Cavazzana-Calvo et al.
2010; Cartier et al. 2009). Recently, allogenic stem cell transplantation into an
HIV-positive individual was shown to result in long-term cure demonstrating the
feasibility and potency of genetic transfer using modified stem cells (Hutter and
Zaia 2011). Adoptive immunotherapy using engineered T-cells has largely been
shown to be safe in over 180 patients (Cruz et al. 2010) with compelling evidence
in the case of melanoma (Rosenberg et al. 2011). T-cells engineered with chimeric
antigen receptors (CARs) are also gaining favor especially in treating B-cell
neoplasias (Brentjens et al. 2011; Porter et al. 2011).

Regenerative medicine approaches to understand disease progression in inte-
gration with high-throughput screening platforms has resulted in application of cell
therapy tools in drug discovery programs. The ability to model complex diseases
through use of stem cell-based assays and in vitro mini-tissue architectures has
allowed the interrogation of disease states and their manipulation by pharmaco-
logical agents and small molecules. Chemical screens, libraries of previously
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purposed small molecules are all being screened in the hope of finding the next
‘‘hit’’ such as the anti-microbial agent, tigecycline and its ability to selectively
inhibit leukemic stem cells (Skrtic et al. 2011). Another promising drug repur-
posing has been shown with Zeluton, an approved drug for asthma that inhibits
activity of Alox5 gene product, which can also effectively block chronic myeloid
leukemia (CML) stem cells that cause gleevac-resistant CML relapse. Other
molecules such as inhibitors of HSP90 and hedgehog pathways are also being
screened for this purpose (Chen et al. 2010). Commercially produced hESC-
derived cardiomyocytes and hepatocytes have been in extensive use for toxicology
screening (Jensen et al. 2009; Sartipy and Bjorquist 2011). Disease modeling
through pluripotent stem cell-derived populations complements direct cell-or
tissue-replacement therapeutics, and is getting attention from pharmaceutical
companies like GE and GSK (Ebert et al. 2012).

As more commercial interest is generated and investments in cell-based ther-
apeutics areas grow, the field will evolve towards more translational aspects of a
therapeutic requirements such as product safety, quality assurance, scale-up and
manufacturing, and reproducibility, delivery and dosage formats (Carmen et al.
2012). There are some significant challenges to overcome in this area as described
below.

2.2 Challenges to Overcome for Cell-Based Therapies

2.2.1 Manufacturing

Stem cells, unlike tumor cell lines, cannot be easily cultured in large batches as
their functionality and quality are highly susceptible to cell culture conditions. Cell
doses per patient can vary depending on the type and application, but anywhere
from 106 to 1010 cells may be needed for a standard dose. To treat 1,000 patients a
year, correspondingly 109 to 1013 cells would be required. The current technolo-
gies of stem cell culture allow for production of a fraction of that number.
Obtaining specialized, functional, terminally differentiated cells from stem cells in
that quantity remains a serious hurdle. New technologies for scalable bioreactor
culture and processing are needed to derive enough target cells continuously in an
industrial setting (Zweigerdt 2009).

Manufacturing of these cells under current Good Manufacturing Practice
(cGMP) conditions poses additional challenges requiring closed systems, USP-
grade reagents, highly screened and quality controlled raw materials, and highly
standardized manipulation steps. The traditional fill- and finish-model of bio-
pharmaceutical manufacturing is not applicable to a cellular system with limited
viability and varying functionality. A separation process to isolate, maintain, and
purify the cell product, cell expansion and manipulation, and storage and delivery
system that retains viability and functionality of the product needs to be developed
and validated at appropriate scales for each therapeutic product (Amos et al. 2012).
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There are a lot of lessons to learn from production of cells for recombinant
proteins and vaccines including aspects of biotherapeutic protein supply chain
such as standardized raw materials (cell banks), cold chain storage and distribu-
tion, and lot validation. However the relatively shorter shelf-life of the cell-therapy
product poses additional challenges often requiring lot-release and validation to be
performed post-shipping. Autologous cell therapy products pose additional chal-
lenges such as variable raw materials and variable end product with wide toler-
ances in potency as well as on-site manufacturing, validation, supply, and delivery
facilities. Even if technologies are licensed and stringent SOPs are in place, local
variations in cell manipulation during manufacture and delivery to patients may
result in heterogeneous success rates across centers.

To implement genetically modified cells as standard-of-care, larger Phase II and
III trials need to be undertaken and the challenges of manufacturing GMP-grade
stem cells apply to this field as well. Additionally, there are the challenges of
manufacturing, purifying, and concentrating clinical grade viral vectors, although
alternatives such as nanoparticles (Hosseinkhani and Tabata 2006) and lipid-based
complexes (Fenske et al. 2008) are beginning to emerge.

2.2.2 Regulation

Regulatory and marketing authorities rely heavily on historical data and animal
studies for safety and efficacy results. In the case of most cell-based products,
long-term safety and efficacy data are not available in animal models or in humans.
Thus initiation of Phase I trials is often challenging for both regulators and
sponsors in this nascent field, as the properties of the cells, their mechanism of
action, their biodistribution, and long-term safety effects are all usually not fully-
defined in a preclinical setting. Clinical studies are often undertaken in patients
who are not in the ideal disease-progression stage for efficacious cell-therapy
investigations casting doubts on the utility of such treatments when inevitably
mixed results are obtained in a Phase I/II setting. Increased dialogue and inter-
action between the regulators and sponsors will allow this field to advance. There
is promising evidence that this is already happening; the FDA has been open to
dialoguing with sponsors and investigators prior to initiation of clinical trials via
their pre-Investigative New Drug (IND) and even pre–pre-IND meetings. Addi-
tional guidelines specific to various tissues have been developed and put out by the
FDA. Out-of-the-box thinking has been also demonstrated by reviewers at Health
Canada who provided market approval for pediatric use of Prochymal to treat
GvHD in the absence of complete efficacy data, and compromising by allowing
Phase IV studies to collect such data.

It will be up to the scientists, regulators, industry, and medical professionals to
manage risks and expectations from cell therapies without hype but also without
risk-averse bias since the emerging experimental therapies are most likely to
provide variably efficacy data and lack the precision that years of pharmaceutical
experience has provided.
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2.2.3 Economics

Cell-based therapies are a highly specialized branch of medicine with multiple
steps requiring continuous integration with healthcare providers, laboratory staff,
cell manufacturing facilities, and administrators. Autologous therapies are typi-
cally not suited for acute conditions; off-the shelf, allogeneic products may work
more broadly; however, this requires better understanding of the long-term
implications of culture-expanded cells. The normal service delivery model of
biopharmaceutical manufacturing may also not apply, except for off-the-shelf
allogeneic products. Cell-based therapies may require healthcare facility to house
special infrastructure, for example, cGMP facilities or clean-rooms, or additional
validated laboratory equipment within an operating theater to provide such ther-
apies to patients. A different delivery model, knowledgeable personnel, infra-
structure, and equipment are needed to support this process. Insurance companies
and governments are not necessarily ready to assume these costs, especially when
efficacy and long-term benefits are still being answered in clinical trials. To sup-
port these therapeutics and to make them economically viable, a new service
delivery model system would be required (Luijten et al. 2012). Public-Private
partnership models currently in use in the Netherlands may provide a blueprint for
a system where cell manufacturing is carried out by private companies and the
administering of the product, follow-up for safety, efficacy, and clinical oversight
are performed at the publicly-funded healthcare institutions. In an environment
where healthcare costs are ballooning, individual subscriptions to healthcare
insurance plans may need to be enforced either through indirect taxation or by way
of user fees. It may require innovative political approaches to educate the public
and obtain sufficient participation from all stakeholders.

3 Tissue Engineering and RM

Tissue engineering has a number of applications ranging from traditional
replacement and repair of structural tissues such as skin, bone, cartilage to engi-
neering complex organs (liver, pancreas, kidney, heart, etc.) including engineered
blood vessels (Miller et al. 2012), and bioprosthetic heart valves (porcine, bovine,
cadaveric, or pulmonary-to-aortic autografts) (Mendelson and Schoen 2006) to
providing research tools to understand tissue functioning. For example, using the
latest advances in microfluidics technology, it is now possible to study fluid
dynamics and blood cell interactions using a 3-D microvascular network on a chip
(Zheng et al 2012).

Tissue engineering approaches are providing novel solutions to cell-and tissue-
repair and replacement issues. For example, in vivo tissue-integration of iPSC-
derived cardiomyocytes may prove difficult, however, use of emerging technologies
such as 3D-angiogenic printing (Miller et al. 2012) and biomaterial scaffolds allows
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one to mimic the in vivo niche microenvironment and enable creation of cardiac-
patches that may more easily integrate with the host tissue (Dengler et al. 2011).

Examples of commercial success of tissue engineered products include
Organogenesis’ Apligraf (1998) which combines a collagen matrix with fibroblasts
and keratinocytes, Genzyme’s Epicel (1998) which uses cultured autologous
patient keratinocytes to form sheets that are stapled onto petrolatum gauze back-
ing, Tissue Regenix’s dCELL

�
Vascular Patch (2010), Cytograft’s Lifeline, a

tissue engineered blood vessel that has approval for autologous use in Germany
(2009), and others.

3.1 Challenges to Tissue Engineering

3.1.1 Biomaterials

Different types of biomaterials ranging from natural, synthetic to composite,
unmodified to modified chemically or physically and available in a variety of
forms, injectable or non-injectable provide not just structural cues, but also
microenvironmental cues to truly modulate surrounding cells and tissue (Davis
et al. 2005). Indeed the use of microfabricated arrays of stem cell regulatory
factors and extracellular matrix (ECM) components has been used to demonstrate
the complex network of regulatory signals involved in self-renewal and differen-
tiation of neural stem cells (Soen et al. 2006). Identifying, engineering, and
optimizing specific biomaterials for appropriate end-uses remains a challenge,
especially as multiple parameters from stability, biocompatibility, release of
growth factors, physical support, etc., need to be considered and appropriately
configured for specific tissue uses.

Biomaterials can also be designed to respond to variations in microenviron-
mental acidity, temperature, sheer stress, oxygenation, or enzyme levels (Stoop
2008; Rosso et al. 2005; Williams 2005) and thus provide directional and
sequential release of growth factors resulting in appropriate spatio-temporal gra-
dients. Smart biomaterials, although in their infancy, can therefore be developed
along with advances in micromolding, laser photolithography, and microfluidic
devices to create complex, controlled networks for drug/growth factor delivery.

3.1.2 Vascularization of Engineered Tissue

In addition to having biocompatible and smart biomaterials, it is important to have
vascular networks as the transport of oxygen, nutrient, and waste is currently a
major challenge in the field of tissue engineering. Strategies to induce network of
blood vessels in vivo (Laschke et al. 2006; Lovett et al. 2009) or implanting pre-
vascularized scaffolds will be critical to successful grafting, integration, survival,
and functioning of these engineered tissue grafts, especially complex tissues such
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as kidney, heart, and liver. There are a number of strategies postulated including
controlled and local release of angiogenic factors to promote neovascularization
(Silva and Mooney 2007), but this still remains a major hurdle in designing and
integrating viable scaffolds and constructs in vivo.

In addition, managing immune reaction to engineered tissue grafts requires
separate strategies ranging from reduction of the graft immunogenicity and
immunosuppressive regimes with mesenchymal stromal cells or donor-derived
immunosuppressive antigen-presenting cells, and poses separate technical and
regulatory issues that cannot be overlooked.

4 Regenerative Capacity of Endogenous Organs

The idea of recruiting resident tissue stem cell populations for effecting repair in
injury or degenerative conditions is not new, but the widespread existence of such
cells and the provoking concept of using bioactive molecules to recruit and engage
such cells in an endogenous repair process are still nascent. Proof-of-concept has
already been demonstrated by the use of erythropoietin to enhance blood cell for-
mation, Granulocyte-Colony Stimulating Factor (G-CSF) for mobilization of
hematopoietic precursors, and Bone Morphogenetic Protein (BMP)-2 which pro-
motes osteogenesis from mesenchymal precursors. Several high-profile chemical
screens have been published on several stem cell types, including HSCs, which
identified soluble factors that inhibit ligand-induced signaling by aryl hydrocarbon
receptor (AhR), and thus promote expansion of mobilized peripheral blood and
umbilical cord blood (Boitano et al. 2010). Other small molecules that have been
identified include a peroxisome proliferator-activated receptor-gamma (PPAR-g)
inhibitor bipshenol A diglycidyl ether which has been shown to accelerate hema-
topoietic engraftment (Naveiras et al. 2009), and parathyroid hormone (PTH) which
has been shown to improve mobilization and engraftment during sequential cord
blood transplantation, and is currently in clinical investigations (NCT00393380 and
NCT00299780).

Use of growth factors or small molecules may be particularly effective as
treatment strategies for a variety of extreme psychiatric disorders including
schizophrenia, extreme depression (having failed even electroconvulsive therapy),
etc., as signals that are implicated in normal stem cell maintenance such as brain-
derived neural factor (BDNF) may be disrupted in mood disorders, and thus serve
as targets for pharmacological-based intervention (Benninghoff 2009).

Despite the promise of using small molecules or growth factors to harness the
endogenous potential of tissue resident stem cells, there are concerns regarding
delivery and retention of these molecules in required concentrations, potential
harmful systemic side effects, and potential tumorigenic safety concerns for highly
active bioactive molecules that promote endogenous stem cell recruitment and
proliferation (rev in. (Miller and Kaplan 2012)).
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Proposed solutions include identifying small molecules or drugs with a
demonstrable safety profile that can be re-purposed to target endogenousstem cells
or perhaps their niche environment, which may be particularly relevant for tar-
geting cancers (rev in. (Wagers 2012)). This has been shown to some extent with
the use of G-CSF mobilization, which can reduce amyloid plaque deposition in the
hippocampus and improve cognition in murine models of Alzheimer’s disease,
although, the pilot study suggested safety but questionable efficacy in humans
(Sanchez-Ramos et al. 2012).

5 Next Steps

Unlike research and delivery timescales in cancer or infectious disease medicine,
RM has come a long way rapidly, largely owing to the successes in stem cell
science. This has led to inflated expectations from a rapidly growing demographic
consisting of aging population and their care providers to deliver better quality of
life through RM along with substantial media hype (Eisenstein 2012). Therein lies
the challenge for the scientific and clinical community to translate the research
knowledge rapidly and safely enough to meet this demand. In the absence of
significant gains, stem cell clinics are sprouting globally and offering cures to
desperate patients and families although in most cases the cells have not been
experimentally tested, protocols are not scientifically or ethically reviewed by third
parties, and there is no independent monitoring of patient safety and welfare.

Since RM is most likely to offer benefits to an aging population, emerging ideas
about stem cells and aging need to be kept in mind. An accumulation of myeloid
biased versus lymphoid-biased HSC with increasing age and expenditure of
skeletal muscle stem cells in the aging niche underscore that both niche and stem
cell populations may be adversely affected by aging (Baumann 2012; Muller-
Sieburg et al. 2012), and this factor could limit the utility of at least autologous
stem cells in the very population that stands to benefit the most.

The growth of personalized medicine by way of whole-genome sequencing may
help in prognosticating patients who might benefit the most with RM-therapeutics
versus those who may experience poor outcomes because of failure of therapy or
unacceptable side-effects. This may further streamline creation of ratiometric
formulae for cost/benefit, and thus make the risk acceptable to all stakeholders.

Measured solutions from multiple fields including researchers, engineers and
manufacturers, regulators, and the business development side are needed to
develop viable and profitable business and/or services models to translate largely
personalized regenerative medicine concepts to routine clinical practice. Hard
lessons learned from gene therapy failures (Wilson 2009) can be applied to
regenerative medicine applications including the importance of adhering to the
protocols, proper training, accreditation, and documentation involving the staff and
therapeutic product preparation and administration, and avoiding conflicts of
interest to ensure the field moves forward in a responsible manner. With these in
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place, we can optimistically expect the field to make significant advances in
providing novel therapeutic solutions to patients, and indeed become practice-
changing over the next decade.
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