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ABSTRACT: Regenerative Medicine is a new, multidisciplinary
field that combines expertise in biology, chemistry, engineering,
materials, and medicine, to find solutions to some of the most
challenging medical problems faced by humankind. Regenerative
Medicine has the potential to impact the whole spectrum of health
care, such as heart disease, emphysema, and diabetes. Regenerative
Medicine employs various combinations of specially grown cells,
tissues, and laboratory-made compounds to replace or amplify the
body’s natural healing process. The impact of Regenerative Medicine
to the health care industry is likely to be comparable with that of
antibiotics, vaccines and lately, monoclonal antibodies have had in
clinical care. Regenerative Medicine is growing and maturing
steadily; however, many challenges lie ahead. These include best
cell source, most appropriate biomaterials, and reliable ways of
expanding the cells and growing them in a three-dimensional
environment (stem cell bioprocessing). This concise review deals
with current achievements in the field, challenges that lie ahead
and potential ways of having robust and reliable “off the shelf”
cellular products. (Pediatr Res 63: 461-466, 2008)

Regenerative medicine is a new interdisciplinary field aim-
ing to provide safe and reliable ways to repair, restore,
or replace damaged tissues or organs. The two main compo-
nents of Regenerative Medicine are stem cell therapy and
Tissue Engineering. Regenerative Medicine focuses on the
mobilization of endogenous sources of “reparative” cells,
most commonly stem cells, or by exogenous administration of
cells. In contrast, Tissue Engineering combines specially de-
signed materials with cells, in a three-dimensional (3D) con-
figuration, cultured in a bioreactor, for subsequent implanta-
tion (1).

Before Regenerative Medicine and Tissue Engineering can
be made widely available as a clinical product, a number of
major (Fig. 1) and specific challenges (Table 1) need to be
overcome. A combination of generic, off-the-shelf, and per-
sonalized manufacturing paradigms must be considered as no
single technology satisfies all requirements.
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CELLS

A variety of cells have been used for cell therapy or Tissue
Engineering. In the early days, adult stem cells were fre-
quently used. These were obtained from experimental animals
or human tissues and were used primarily to understand the
mechanisms by which natural or man-made biomaterials were
able to elicit a cellular response when implanted in vivo (see
later). It was later realized that adult cells, by the nature of
being fully developed, were harder to grow in culture and if
the cells come, as they usually do, from an elderly patient,
growth of cells in culture is even harder. Hence, attention was
focused onto the use of fetal cells. Fetal cells are not stem
cells; they are fully developed cells that are present in young
tissue (e.g., the fetus). It was found that these cells behaved
similarly but better than adult, when tested in conjunction with
biomaterials (2—4).

In view! of this, further attention was focused on the
potential use of stem cells for Regenerative Medicine. Stem
cells are cells that have the following capabilities: first, they
are able to continuously produce daughter cells having the
same characteristics as themselves; second, they can generate
daughter cells that have different, more restricted properties
(5). The first ability is called self-renewal and the second,
differentiation.

Embryonic stem cells. Until now, current thoughts were
that there were two kinds of stem cells: embryonic stem (ES)
cells derived from the inner cell mass of preplantation em-
bryos and “adult” stem cells found in tissues or organs.
However, recent research indicates that ES cells can be found
at all stages during development (Fig. 2) (6). ES cells differ-
entiate in vitro and in vivo and contribute to chimaeras after
injection into a blastocyst (Fig. 3). Because of their limitless
therapeutic potential, stem cells continue to be of enormous
public, scientific, and clinical interest. If it were possible to
determine which factors are involved in each and all stages
during differentiation from pluripotency to terminally differ-

Abbreviations: 2 (3) D, 2 (3) dimensional; EC, embryonal carcinoma; ES,
embryonic stem; EpiSC, epiblast stem cells; FITR, Fourier iterative trans-
form X-ray; GMP, good manufacture practice; HARYV, high aspect ratio
vessels; HSCs, hemopoietic stem cells; ICM, inner cell mass; mESCs, mouse
embryonic stem cells; MSCs, mesenchymal stem cells
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MAJOR GENERAL CHALLENGES IN REGENERATIVE MEDICINE
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Figure 1. Depicts the major challenges faced by the field of Regenerative
Medicine.

Table 1. Specific challenges*—design consideration

Process components (cell source, cell signals, scaffolds,
bioreactors)

Process requirements (GMP, bioprocessing, preservation, transport,
storage, regulators)

Process function (organogenesis, functionality, host tissue
integration, immunoacceptance, longevity)

* The specific challenges that are faced to translate research in Regenera-
tive Medicine into products for the health care industry.

entiated cells, it may be feasible, ultimately, to use these
chemical signals to induce growth and regeneration of specific
tissues (“regenerative pill”’) without the need of administering
the cells themselves.

ES cells were first isolated from the mouse by Martin Evans
and coworkers, back in 1981 who this year received the Novel
Prize (7) and later in 1998 (8) from the human preimplantation
embryo (blastocysts). This led to an unprecedented interest in
the potential of ES cells for Regenerative Medicine (8).
Recently, two different groups have reported the isolation of
pluripotent stem cells from the epiblast dissected from early
postimplantation mouse embryos using culture conditions
identical to those favored by human embryonic stem cells
(hESCs) (9,10). In all respects tested so far, they seem to
correspond closely to human rather than mouse embryonic
stem cells (mESCs) (they are leukemia inhibitory factor and
bone morphogenic protein independent whereas mESCs re-
quire these factors and require instead activin and fibroblast
growth factor for efficient self-renewal). They have the same
physical appearance, growth properties and epigenetic state as
hESCs. These cells are called epiblast stem cells (EpiSCs). To
add more excitement to the field, recently, four separate
groups of investigators have been able to generate pluripotent
stem cells by transfecting mouse (11,12) and human fibro-
blasts (13,14) with retroviruses expressing four transcription
factors involved in maintenance of pluripotency. The devel-
opment of techniques to generate ES cells from fibroblasts
may mean that there are no issues regarding this technique
while there are still ethical issues for the derivation of ES cells
from embryos.

“Adult” stem cells. An “adult” or postnatal (somatic) stem
cell is an undifferentiated cell found among differentiated cells
in a tissue or organ that can self-renew. Adult stem cells are

known to be present in many tissues of the body including the
heart (15), the nervous system (16), the gut (17), and the skin
(18). Bone marrow stem cells have been investigated exten-
sively. These “niche” specific stem cells are thought to reside
in all tissues as a repair mechanism against injury. In theory,
these cells could be removed from a patient, incorporated into
a tissue construct and put back into the same individual when
repair becomes necessary. Because the cells are from the
recipient, there is no need for immunosuppression. However,
problems with accessibility, low frequency (e.g., there is
roughly one stem cell per 100,000 nucleated bone marrow
cells), restricted differentiation potential and poor growth limit
their usefulness for Tissue Engineering or Regenerative Med-
icine (5).

Friedenstein and coworkers were the first to report that
fibroblast-like cells obtained from bone marrow, and attaching
to tissue culture plastic were inherently osteogenic (as quoted
in ref. 19). Thereafter, contributions from many laboratories
led to the realization that these osteogenic cells were actually
capable of differentiating into multiple connective tissue cell
types at a clonal level (20), this supported the concept of the
existence of mesenchymal stem cell (MSCs) first proposed by
Caplan (21). Hence, MSCs are typically defined as adherent,
fibroblastoid-like cells that differentiate into osteoblasts, adi-
pocytes and chondrocytes in vitro. This property distinguishes
them from the nonadherent hemopoietic stem cells (HSC)
found also in the bone marrow. Both HSC and MSCs types of
cells display different sets of surface markers. An unprece-
dented interest has lately been noticed on the use of MSCs
removed from umbilical cord blood (22) and Wharton’s jelly
and the potential of these stem cells for generation of different
germ cell lineages (endoderm, mesoderm, ectoderm) (23,24).
Cord blood may have advantages over other sources of stem
cells and currently provides an alternative solution for bone
marrow reconstitution for childhood leukemia (25). The only real
stumbling block to a broader application of cord blood transfu-
sion is the necessary expansion of sufficient cell numbers.

It can be said that stem cell therapy was born 50 years ago,
when the first bone marrow transplant was carried out in the
United States (24). This was followed by two clinical trials
using stem cells in children with Osteogenesis Imperfecta by
Horwitz et al. (26). Bone marrow stem cells have been used as
a potential therapeutic avenue for cardiac failure (27-29) and
other ailments.

BIOMATERIALS

Biomaterials are an important component of Tissue Engi-
neering. Scaffolds can aid in vivo regeneration of the remain-
ing healthy tissue and also guide the formation of tissue from
dissociated cells ex vivo and in vivo. Scaffolds aim to provide
a 3D physical architecture and chemical environment wherein
cells can grow to mimic the in vivo process. Scaffolds are
typically fabricated by natural materials, which are inherently
bioactive but lack mechanical strength, or synthetic materials,
which lack inherent bioactivity but could be mechanically
strong and can be fabricated with the desirable macro- (shape)
and microarchitecture (pore size, porosity). Numerous types
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Figure 2. Cells from different stages of development and tissues have different potentialities. Cleavage- and morula-stage embryos are able to give rise to ES
cells. (A) Early blastocyst is able to give rise to ES cells from the Inner cell mass (ICM). (B) Late blastocyst is able to give rise to ES cells from the ICM. (C)
Six-day postimplantation embryo is able to give rise to EpiSCs from epiblast (Ep) or to teratocarcinomas and embryonal carcinoma (EC) cells. (D) Primordial
germ cells from the early (11.5 days) gonad are able to give rise to embryonic germ cells or to teratocarcinomas and EC cells. (E) Spermatogonia from adult
testis are able to give rise to ES cell-like cells (F). Reprinted from Lovell-Badge R, Nat Biotechnol 25:1114—1116 © 2007 Nature Publishing Group, Macmillan
Publishers Ltd, with permission.

Figure 3. The potential of cultured early embryonic cell types (A) is usually assessed by their ability to differentiate in vitro (B) and in vivo (C) and to contribute
to chimeras after injection into blastocysts (D). Undifferentiated EC, ES, ES cell-like, epiblast-like, epiblast stem, and iPS cells (A). Differentiation in vitro (B).
Differentiation as teratomas or teratocarcinomas in ectopic sites. (C) Differentiation in chimeras after blastocyst injection (D) and transmission to offspring if the
pluripotent cells have contributed to the germline. (E) Fibroblasts from mice can be reprogrammed back to iPS cells. Tr, trophectoderm; ICM, inner cell mass;
Ep, epiblast; ExEn, extraembryonic endoderm; ExEc, extraembryonic ectoderm; PGC, primordial germ cells; Sp, spermatogonia. Reprinted from Lovell-Badge
R, Nat Biotechnol 25:1114—-1116 © 2007 Nature Publishing Group, Macmillan Publishers Ltd, with permission.

of biomaterials are continually being discovered both man- BIOPROCESSING: CURRENT CHALLENGES FOR

made or from natural sources. Efforts are currently being THE TRANSLATION OF REGENERATIVE
carried out to modify the surface of these materials, to guide, MEDICINE RESEARCH INTO PRODUCTS FOR THE
and enhance stem cell differentiation (30). HEALTH CARE INDUSTRY

Scaffold should be:
Bioprocessing for Regenerative Medicine is an entirely new

field, which can only be partially compared with that of mass
production of molecular medicines. The development of bio-
process technologies for the successful transfer of the current
laboratory-based practice of stem cell and tissue culture to the
clinic as therapeutics necessitates the application of engineer-
ing principles and practices to achieve control, reproducibility,
automation, validation, and safety of the process and the
product. The successful translation will require contributions
from fundamental research (from developmental biology to

Initially scaffolds were designed to be bioinert, nowadays the “omics” technologies and advances in immunology) and
biomaterials are made to interact with the cells by being able from existing industrial practice (biologics), especially on

¢ Biocompatible and biodegradable. Degradation products
should be nontoxic.

e Highly porous to facilitate oxygen, nutrients, and waste
transfer as well as rapid vascularization and tissue in
growth.

e To encourage optimal mechanical properties.

¢ Be clinically compliant good manufacture practice (GMP).

to release growth factors, genes, or other signals in a time- automation, quality assurance, and regulation. The timely
dependent manner (31,32). Scaffolds can be meshes, fibers, development, integration, and execution of various compo-
porous, solids, or hydrogels. nents are critical.

The material should encourage the cells to attach, prolifer- The ultimate bioreactor is the womb. A baby starts from one
ate, and differentiate. Some materials are conducive to do this cell and grows into a fully differentiated individual. These
on specific cell types than others. For instance, the behavior of “natural” bioreactors share common operational characteris-

tics: specifically, mass transport in the form of circulation and
diffusion to the cells is excellent—no cell is located more than
400 pm from the blood supply. In order for Regenerative
Medicine to come of age, there is the need to create optimal
bioreactors which will achieve production not by embracing
traditional scale-up principles (larger bioreactors) but, through
process integration. Monitoring can be performed by real-
time, online, and in sifu with signal processing and feedback

osteoblasts taken from adult bone tissue was analyzed in
respect to their behavior to bioglass (33) (a man-made bioac-
tive material) and it was noticed that it elicited cell attachment,
cell growth and differentiation in addition to the upregulation
of genes involved in osteogenesis with concomitant down-
regulation of genes involved in other tissue lineages (e.g., fat,
endothelium and others) (34-37).
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being executed coherently. Hence, the optimal bioreactors
achieve production through process intensification, modular-
ity, specialization, and integration. The use of bioreactors is
critical for Regenerative Medicine applications to achieve
control, scale-up, automation, and also for regulatory reasons.
The laboratory practices of cell or tissue culture in dishes or
flasks would have to be transformed, even in the discovery
phase so that bioprocesses are developed that can be directly
applied to the clinic.

Traditionally two-dimensional (2D) culture conditions per-
mit only the growth of a small number of cells. Furthermore,
2D culture modality suffers from being cumbersome, time-
consuming, and labor-intensive (38). 2D cultures, in which
normal 3D relationships with the extracellular matrix and
other cells are distorted, may alter cellular behavior. One of
the most significant challenges faced by traditional 2D stem
cell culture methodologies is its laborious and arbitrary nature
that requires the employment of highly trained operators to
conduct routine culture work. Therefore, analyzing cell inter-
actions in more natural 3D settings promises to provide con-
ditions that are closer to what actually occurs in vivo (39).

Much attention has recently been paid to the development
of technologies to obtain sufficient number of pure and dif-
ferentiated functioning stem cells. These include a single-step
bioprocess that enables both medium perfusion and direct
monitoring of cell viability and metabolite production. Other
methods include prevention of ES cell aggregation (e.g.,
hydrogel encapsulation) and purification of specific cell types
(e.g., by genetic manipulation) with medium perfused in a
controlled bioreactor environment. These provide a dynamic
cultivation system within a controlled environment that en-
ables the expansion of cell populations (40). Bioreactors have
been defined as devices in which environmental and operating
conditions can be closely monitored and tightly controlled to
permit or induce the desired biologic or biochemical process
(41) (Fig. 4). These have been used in the field of Tissue
Engineering to perform one or more of the following func-
tions: cell expansion (42—-47) generation of 3D tissues from
dissociated cells and scaffolds in vitro (48-52), and mechan-
ical conditioning of developing tissue (53-55).

Our group at Imperial College has developed a simplified,
integrated, and reproducible bioprocess for the production of
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Figure 4. Schematic representation of a bioreactor (Image Courtesy of Dr.
Yu-Shik Hwang).

100um

Figure 5. Live or dead assay and morphology of cells and tissues within
alginate hydrogels. (A) mESCs in alginate hydrogels at day 5 of culture in a
HARY bioreactor. (B) mESCs in alginate hydrogels at day 15 of culture in a
HARV bioreactor. Scale bars represent 100 um (Image Courtesy of Dr.
Yu-Shik Hwang).

osteogenic cells from mESCs that would be amenable to
automation and scale-up for the generation of clinically rele-
vant numbers of high-quality bone cells and mineralized
tissue. Specifically, we encapsulated mESCs in alginate hy-
drogels and cultured them in high aspect ratio vessels
(HARYV). In this novel, one-step, integrated process, mESC
aggregates within alginate hydrogels gradually increased in
size maintaining viability in culture Finally, well-developed
3D viable and metabolically active tissue is noted, as demon-
strated by the live or dead assay (Fig. 5). mESCs within
hydrogels showed higher viability than when cells were cul-
tured statically in 2D flasks (data not shown). Furthermore,
using this integrated process, we differentiated mESCs into
osteogenic cells capable of producing 3D mineralized tissue
identified by demonstration of stained mineralized aggregates,
the expression of osteogenic markers, microcomputerized to-
mography and FITR, and elemental scanning electron micros-
copy. Our data indicate that we can potentially generate the
equivalent of 20-30 T75 flask cultures in a single 50 mL
bioreactor. Specifically, we have demonstrated an 80-fold
increase in the cell number from a starting density of 10,000
cells/alginate bead to 852,000 cells/bead after 29 days in
culture (Fig. 6) (56). We have also successfully encapsulated
hESCs within the hydrogels. The cells remain undifferentiated
for up to 260 days using both immunocytochemistry and
RT-PCR. Alginate encapsulation has been carried out fre-
quently with adult cells (57,58) and more recently, researchers
encapsulated ES cells (59) and in Australia, colleagues have
encapsulated both mouse and hESCs to treat diabetic patients
(60). Normally, alginate hydrogels loose Ca** after prolonged

i

Figure 6. Tissue morphology in the alignate beads. The alignate beads retain
their Spherical shape and cell clustering becomes evident: (A) day 3 (scale bar
length — 1000 wm); (B) day 7 (scale bar length — 500 um); (C) day 21 (scale
bar length — 500 wm). Hematoxylin and eosin stained thin sections of the
hydrogels at various times showing tissue development. Reprinted from
Randle WL et al., Tissue Eng 13:2957-2970 © 2007 Mary Ann Liebert, Inc.,
with permission.
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culture, but incorporation of gelatin enables cell-mediated
contraction and packing of the scaffold material (61).

CONCLUSIONS

Regenerative Medicine could become a new way of treating
injuries and diseases since it can be used to heal, augment, or
take over the function of permanently damaged organs. Con-
sequently, Regenerative Medicine stands ready to create the
next wave of the biotechnology revolution, following in the
footsteps of recombinant proteins and monoclonal antibodies
with the potential to impact the whole spectrum of health,
from terminal and chronic diseases to cosmetic surgery. It is
an entirely new field that brings together expertise in biology,
chemistry, engineering, genetics, medicine, and other special-
ties to find solutions to some of the most challenging medical
problems faced by mankind. To date, several engineered skin
equivalents and synthetic bone and cartilage composite are
commercially available. Efforts are being made to develop
cardiac valves, venous and arterial replacement, urological
structures, and hematopoietic stem cell products.

Nowadays, Regenerative Medicine and Tissue Engineering
are coming of age. It is easy to remember the early days of
Tissue Engineering or stem cell therapy where great excite-
ment and false expectations were followed by lack of confi-
dence in particular, from investors. The hope (more likely
hype) that was placed in the early days did not live up to these
expectations. In consequence, the significant funding that was
poured into this newly breaking field caused great disillusion.
However, the field is now slowly reaching maturity with
realistic expectations, not accepting that the path toward ro-
bust clinical products is going to be simple and straight
forward. It is likely that there will be disappointments but it is
also likely that a new era of novel therapeutic approaches is to
be realized. Bioprocessing and commercialization of stem cell
or tissue-engineered products in Regenerative Medicine can
translate breakthroughs from the research bench to the bed-
side of the patient. Although many of these tasks cannot be
readily addressed and may require long-term commitment,
some of the current challenges must remain the primary focus
of our research and development. The application of biopro-
cessing approaches to stem cell and construct production
could provide cells in clinically-relevant numbers and with
complete biologic standardization, previously unachievable.
The intellectual property and know-how concerning the bio-
processing and scale up of cell production will be a core
element in any future commercial applications of stem cell
biology. However, the need exists to learn how to analyze the
cell culture parameters that influence the process and identify
the critical ones. One day we might learn what are the
essential factors and cues that make the journey from an
undifferentiated pluripotent cell to terminally differentiated
cells and if we know this, then come, the era of the “regen-
erative pill” will come to the fore. The challenges that face the
field include the need of obtaining “off the shelf” cells that are
GMP compliant and immunologic tolerant. There is not, as
yet, consensus as to which will be the best cell for clinical
applications and it is likely that not one single cell will be the

cell to use. As always in medicine, Regenerative Medicine
will have to adapt to specific clinical problems and be patient
specific. One fact remains clear; there is an urgent need to
develop reliable and robust culture procedures that will pro-
duce vast quantities of identical batches of cells for a given
clinical application.

As Ehrenreich told us: “It will take time, it will take money,
it will take patience, there will be setbacks and there will be
successes, but over time it is a certainty that biologic methods
of tissue repair, replacement and regeneration will come to
dominate clinical thinking.”
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