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Abstract

Generation of induced pluripotent stem (iPS) cells has revolutionized the field of regenerative
medicine. With the exponential increasein iPS cell research in the past three years, human iPS
cells have been derived with different technologies and from various cell types. From a
trandlational perspective, however, a number of issues must be addressed before safe and high
quality patient-specific iPS cells can be derived for clinical applications. In addition, iPS cell-
based therapies also heed to be thoroughly evaluated in pre-clinical animal models before they can
be applied to human subjects.

It has been shown in the past two years that ectopic expression of defined transcriptional
factors can reprogram human somatic cells to a pluripotent state - 2. These reprogrammed
pluripotent cells, defined as induced pluripotent stem (iPS) cells by Shinya Y amanaka 3,
closely resemble embryonic stem (ES) cells, which can differentiate into every somatic cell
type of the human body and possess the capacity of unlimited replication. Because iPS cells
can bypass the ethical concerns related to ES cell derivation and potentially issues of
allogeneic immune rejection, they may represent amore ideal source to produce patient-
specific and disease-specific adult cells for future clinical applications and drug
development. As aresult, these cells have been regarded as a leading candidate for donor
cell source in regenerative medicine. However, a number of obstacles need to be cleared
before patient-specific iPS cells can advance into the clinic. Here we focus our discussion on
human iPS cell derivation as well asissues that should be addressed to generate clinically
approved iPS cell products for regenerative therapy.

Choosing An Appropriate Cell Type

Choosing an appropriate cell type for reprogramming is a critical consideration for future
autol ogous patient-specific iPS cell production and clinical therapy. Theideal cell source to
be isolated from the patients and used for reprogramming must meet the criteria of easy
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accessibility with minimal risk procedures, availability in large quantities, relatively high
reprogramming efficiency, and fast iPS cell derivation speed.

Skin Fibroblasts

Neural stem

The majority of published studies thus far have used skin fibroblasts as the starting
population for reprogramming. The major advantages of these cells are their easy
accessibility from the patients and easy maintenance in culture. Skin fibroblasts usually
come from a single skin biopsy followed by 3—4 weeks of /n vitro expansion to obtain a
sufficient starting number of cells 4. However, the efficiency of reprogramming adult human
skin fibroblastsis very low, typically under 0.01% when using Y amanaka 4 factors (Oct4,
Sox2, KlIf4, c-MY C) (OSKM) and even one to two magnitude lower with 3 factors without
c-MYC 157 |t also takes arelatively long time, usually more than 3-4 weeks, for ES cell-
likeiPS cell colonies to appear from the reprogramming. In the model proposed by Shinya
Y amanaka based on Conrad Waddington’s epigenetic landscape model 8, skin fibroblasts
are considered terminally differentiated cells and therefore take higher energy to be
reprogrammed back to a pluripotent stage.

cells

Hans Scholer and colleagues reported that human fetal neural stem cells (NSCs) can be
reprogrammed using only one factor, Oct4 °. Due to the highly invasive nature of deriving
NSCs, they are not areadily available source of cells for generating human iPS cells.
However, NSCs could represent a better and ssimpler platform to generate animal iPS cells as
well as animal disease models that might prove useful in studying iPS cell transplantation,
human disease mechanisms, and drug development.

Keratinocytes

Aasen et a. have used keratinocytes derived from human foreskin biopsies and plucked
hairs as the starting population for reprogramming 10, These cells are easy to access but are
also limited by the problem of requiring an extended period of time for /n vitro expansion.
Comparing to skin fibroblasts, these cells showed a ~100-fold improvement in
reprogramming efficiency and ~3-fold improvement in reprogramming speed using
retroviral OSKM. However, thisimprovement was cal culated from reprogramming
neonatal/juvenile keratinocytes (2-, 2-, 4- and 16-year old individuals). The reprogramming
speed and efficiency of aad/t human keratinocytes were not reported in the study and thus
remain unknown.

CD34* cells from peripheral blood

Loh et al. reported generation of iPS cells from peripheral blood CD34* cells using

Y amanaka 4 factors 11, These cells are usually isolated from the peripheral blood of patients
undergoing G-CSF mobilization for several days, taking up ~1% of the total cell counts.
More than one million CD34" cells can be isolated from 100 ml of mobilized peripheral
blood, representing an abundant source of cells for reprogramming. However, G-CSF
treatment often leads to uncomfortable side effects such as headache, nausea, and bone pain.
Even more severe and fatal complications can happen in patients having cardiovascular and
cerebrovascular diseases 12. Moreover, CD34" cells gradually decrease in number over time
when cultured /n vitro, and thus need to be banked in the early days after isolation. The
reprogramming efficiency of CD34" cellswas still relatively low at 0.01%6-0.02%, which is
close to the efficiency of reprogramming adult skin fibroblasts. A recent study also reported
iPS cells derived from CD34* cells mobilized from peripheral blood 13. However, the
efficiency and speed of reprogramming were not reported.
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Utikal et al. used human primary melanocytes astheir starting cell population for
reprogramming 14. Like skin fibroblasts and keratinocytes, melanocytes are also derived
from skin biopsies and expanded by /n vitro culture under specific conditions. These cells
express very high endogenous levels of Sox2 and thus can be reprogrammed with 3 factors
(Oct4, KlIf4, and c-MY C) (OKM). The efficiency of reprogramming melanocytes with

Y amanaka 4 factors was reported at 0.05%, which is higher than reprogramming fibroblasts.
Moreover, the melanocyte reprogramming speed seemed faster than that of fibroblast, with
the generation of ES cell-like coloniestaking place ~10 days after introducing the
exogenous factors. However, the age of the patient from which the melanocytes were
derived was not reported in this study, and thus the reprogramming efficiency and speed for
adult human melanocytes are still unclear. Nevertheless, melanocytes provide an
opportunity of improving the safety of derived iPS cells by using reduced factors as well as
non-integrating techniques.

Adipose-derived stem cells

Our group has recently generated i PS cells from adult human adipose stem cells (hASCs)
derived from lipoaspiration using Y amanaka 4 factors 1°. Lipoaspiration is arelatively
simple and minimally invasive procedure that can be routinely performed in outpatient
clinics. Furthermore, hASCs can be derived from lipoaspirates of patients of all ages. A
small amount of adipose tissue can yield alarge number of donor cells used to derive iPS
cells. From routinely processed 300 ml of fresh lipoaspirate, we typically collect
approximately 100 million cells after abrief 48-hour /n vitro culture. These cells can be
directly reprogrammed thereafter, thereby bypassing the 4-week expansion period needed
when using skin fibroblasts for reprogramming. In addition, even when adipose tissue was
only available from “sender patients,” we have successfully processed 15-50 ml tissue
samples without any remarkable differencesin our procedure and cell yield. Virtually all
individuals will have adequate amounts of abdominal, flank, thigh, and/or buttock adipose
tissue. This small amount of adipose tissue can be quickly and easily harvested under local
anesthesia without requiring any changes in patient consciousness.

hA SCs are heterogeneous multipotent progenitor cells that have been shown to differentiate
into multiple cell lineages, including bone, cartilage, muscle, and adipose tissues 16.
Compared to reprogramming human fibroblasts with Y amanaka's 4 factors - 2 5 10,
reprogramming hASCs was ~20-fold higher in efficiency and ~2-fold faster. Expression of
KIf4 and c-MY C, two of the reprogramming factors, is relatively high in hASCs compared
with that in human ES cells. In addition, we have found that the reprogramming of hASCs
does not require the support of mouse feeder cells, which may help to generate more
defined, clinically qualified iPS cellsin the future. With the unique properties of large
quantities, very short expansion time, relatively high reprogramming efficiency, and fast
reprogramming speed, hASCs represent one of the optimal cell sourcesfor clinical
derivation of patient-specific iPS cellsin the future.

Cord blood cells

Two very recent reports described the generation of human iPS cells from cord blood cells.
In the first study, Giorgetti et al. successfully reprogrammed CD133* cellsisolated from
cord blood with only two factors, Oct4 and Sox2 17. They also reported generating iPS cells
using cord blood units that were cryopreserved for more than 5 years. In the other study,
Haase et a. generated iPS cells from cord blood-derived endothelial cells using lentiviruses
with the Thomson factors (Oct4, Sox2, Nanog, and Lin28) 18. Cord blood is collected from
the umbilical cord at childbirth and contains a mixed population of cells, including
hematopoietic progenitor cells 12, Therefore, iPS cell derivation using cord blood cellsis
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limited to the patients who had their cord blood banked at childbirth. Moreover, it is still
unclear how long these cells can be cryopreserved to remain viable or amenable for
reprogramming. Cord blood cells that have been cryopreserved for decades should be tested
for reprogramming, as most patients who need regenerative therapy might be of relatively
advanced age.

In summary, each cell type has its own advantages and limitations to serve as the origin for
iPS cell derivation. The optimal cell source for generating patient-specific iPS cells should
also be selected on a patient-specific basis, when it proves possible to eval uate specific
conditions of individual patient in the future. Table 1 shows a comparison of the different
cell origins that have been used for reprogramming.

iPS Cell Derivation Methods Need to Be Improved

Most of the studiesin current literature have used lentiviruses or retroviruses containing
reprogramming factors to generate iPS cells. Both lentiviruses and retroviruses lead to
genomic integration of the transgenes that may not be completely silenced in the host cells.
Reactivation of the silenced transgenes in reprogrammed cells can aso occur and lead to
undesirable side effects. Further, both KIf4 and c-MY C are oncogenes. These factors raise
the specter that even terminally differentiated cells derived from parent iPS cells with leaky
expression of KIf4 or C-MY C may induce cancersin the host. In addition, insertional
mutagenesis may be associated with transgene integration in the host genome, which may
also lead to tumorigenicity in patients 20,

Several recent studies have used different approaches to avoid genomic integration of the
reprogramming genes. Soldner et al. generated transgene-free human iPS cells from
Parkinson’s disease patients using Cre-recombinase excisable lentiviruses 21, However, Cre-
recombinase leaves residual |oxP sequences within the genome after excision of the
transgene, raising the possibility of inducing abnormal genomic activitiesin the
reprogrammed cells. Yu et al. reported virus-free and transgene-free human iPS cell
derivation using oriP/EBNA1 (Epstein-Barr nuclear antigen-1)-based episomal vectors. The
oriP/EBNA1 vectors are able to stably replicate as episomes and can be gradually removed
from the reprogrammed cells in the absence of drug selection 22, However, this plasmid-
based technique not only required atotal combination of 7 reprogramming factors (Oct4,
Sox2, KlIf4, c-MY C, Nanog, Lin28, and SV40LT) but also had very low efficiency
compared to viral reprogramming methods. In a very recent study, Woltjen and colleagues
reported a virus-free reprogramming technique using piggyBac transposon expression
vectors carrying a polycistronic transgene of Y amanaka 4 factors 23. This polycistronic
transgene can be excised using transposase after successful reprogramming without leaving
residual exogenous sequences. However, genomic alteration during transposon insertion and
excision may still occur. In addition, it is cumbersome to identify the specific iPS cell clone
with the transgenes correctly excised. In another recent study, by conjugating cell-
penetrating peptide (cpp) with recombinant proteins of OSKM, Kim et al. successfully
generated iPS cells from human newborn fibraoblasts, although at avery low efficiency
(~0.001%) and with prolonged time (~8 weeks) 24. However, with improved speed and
efficiency in the future, recombinant protein-based technique may become a practical
method to generate virus-free and transgene-free human iPS cells for clinical use.

Instead of using genetic-based techniques, reprogramming strategies relying on adding small
molecules, small interfering RNAs (SiIRNAS), or micro RNAs (miRNAS) to the
reprogramming cocktails represent an important alternative future direction to generate safer
iPS cells. These small molecules promote reprogramming through different mechanisms,
either replacing some of the reprogramming factors or increasing reprogramming efficiency
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and speed 2, For example, Huangfu et al. showed that valproic acid, a histone deacetylase
inhibitor, helped increase the reprogramming efficiency more than 100-fold 26 and facilitate
reprogramming human neonatal fibroblasts with Oct4 and Sox2 only 7. Zhao et al. showed
that p53 siRNAs dramatically increased reprogramming efficiency when added to

Y amanaka 4 factors 2. Ding and colleagues found that a number of small molecules, such
as glycogen synthase kinase 3 (GSK-3), MEK-ERK pathway, and TGF pathway inhibitors,
can promote reprogramming efficiency or replace some of the reprogramming factors 28-30,
Ichida et al. also showed recently that a small molecule inhibitor of TGF signaling can
replace Sox2 and induce Nanog expression in reprogramming 31. miRNAs that were
upregulated in iPS cells 32 may also have potential effectsin promoting or inhibiting
reprogramming. For a more detailed review on small molecules that can enhance or promote
reprogramming, please see a recent review article 25, Overall, with the rapid progress and
improvementsin iPS cell derivation methodologies, it should be feasible to reach the final
objective of generating safe, virus-free, and transgene-free autologous iPS cells at a
relatively high efficiency for human patientsin the future.

Need for Consensus in ldentification of iPS Cells

A single reprogramming experiment usually generates multiple iPS cell lines that are not
always identical. Each individual iPS cell line needs to be fully characterized to ensure
safety and pluripotency capacity, which currently is a cumbersome and time-consuming
process. |n addition, the criterion that investigators use to select the fully reprogrammed iPS
cells aso varies significantly. These problems are largely due to the limited understanding
of the underlying reprogramming mechanism. With further elucidation of the
reprogramming mechanism and improvements in iPS cell derivation technologies, new
methods to simplify and facilitate characterization of iPS cell lines will become possiblein
the future. The final goal isto establish afast and reliable standard protocol for identifying
bonafideiPS cellsfor future clinical regenerative therapies. Recently, by following the
reprogrammed cells using /n situlive cell imaging, Chan et a. attempted to identify bona
fide iPS cells during the reprogramming process 33. They showed that transgene silencing
and activation of TRA-1-60, DNMT3B, and Rex1 expression marked the fully
reprogrammed cells, whereas alkaline phosphatase, SSEA-4, and Nanog were insufficient as
markers. This study revealed some of the molecular events during reprogramming and is a
step forward toward the establishment of a set of standard markers for identifying true iPS
cellsin the future.

Improvement of iPS Cell Cultivation and Differentiation Methods

Current iPS cell cultivation utilizes almost the same culturing conditions as those for human
ES cells. A feeder layer of inactivated mouse embryonic fibroblasts (MEFs) is required to
support the proliferation of iPS cells and to maintain their undifferentiated state. However,
the use of MEFs adds the possibility of contaminating the derived patient-specific iPS cells
with animal pathogens. Rather than using MEFs as the feeder cells, autologous skin
fibroblasts derived from the same patient may serve as a better source of feeder cells, as
similar culturing methods for human ES cells have been reported 34 35, An alternative
feeder-free culture method for iPS cells and human ES cells utilizes surfaces coated with
Matrigel 36, which is amixture of different extracellular matrix proteins and growth factors
secreted by mouse Engelbreth-Holm-Swarm (EHS) sarcoma 37. However, using Matrigel
may still bring animal pathogens to iPS cells. Thus a more defined pathogen-free and feeder-
free culture condition is required for iPS cell cultivation in the future. For the purposes of
regenerative medicine, large scale cultivation of iPS cells and subsequent efficient
differentiation into specific cell lineages remain as challenges for researchers.
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Pre-Clinical iPS Cell Therapies Still Need to Be Validated

iPS cells hold great promise for the future of regenerative medicine. It is exciting to see that
many patient-specific and disease-specific iPS cells have been generated recently 3842,
including a human sickle cell anemia mouse model that was successfully treated with
genetically corrected autologous iPS cells 43, However, the safety and therapeutic
applications of iPS and iPS-derived cells must be rigorously tested in appropriate animal
models before advancing to any clinical trial. First, the minimum number of undifferentiated
iPS cells that can cause teratoma or teratocarcinoma needs to be thoroughly studied in

autol ogous transplantation animal models, as residual undifferentiated cells may still remain
after iPS cells are differentiated to specific cell lineages and may lead to tumorigenicity after
delivery into patients. Thisis aproblem that also exists with ES cell transplantation as
demonstrated elsewhere 44 43, Second, as oncogenic transgene integration and insertional
mutagenesis may be associated with many of the currently established iPS cell lines, the
guestions of whether iPS cells generated with different reprogramming technologies as well
astheir derivatives can induce cancer in the host also need to be rigorously evaluated. Even
with improvements in the virus-free and transgene-free reprogramming technologies, the
cancer-causing possibility of the derived “safe” iPS cells/derivatives still needs to be
evaluated in anima models before these products can be used clinically for regenerative
treatment. Third, iPS cell therapies need to be validated not only in small animals (mice and
rats) but also in large animal models that are anatomically and physiologically more similar
to humans. Both monkey 46 and pig 4/~ iPS cells have been generated, providing excellent
models for iPS cell/derivatives transplantation studies. Although the thorough pre-clinical
evaluation of iPS cells would be laborious, it is necessary to ensure their safe applicationsin
the future.

Clinical iPS Cell Therapies Face Regulatory and Business Hurdles

Given the many potential risks of applying autologous iPS cell treatment to human subjects,
iPS cell therapies may encounter strict regulatory restrictions in some parts of the world,
including in the United States. For instance, it took Geron Corporation more than 6 years to
receive approval from the Food and Drug Administration (FDA) for its human ES cell-
derived neuronal cell (GRNOPC1) therapiesin terms of cell product safety and reliability.
(Note: the trial was recently placed on clinical hold due to one preclinical study showing a
higher frequency of developing cystsin the injury sitein animals treated with GRNOPCL).
More recently, a second company has presented an investigational new drug (IND) for a
phase I/11 trial using human ES cell-derived retinal pigment epithelial (RPE) cellsto treat
patients with Stargardt’s Macular Dystrophy (SMD), one of the most common causes of
juvenile blindness. The sponsoring company, Advanced Cell Technology (ACT), has
performed years of testing to show that differentiated RPE cells can improve the visua
performance of rats without adverse effects (e.g., teratomas) in hundreds of treated animals.

For patient-specific iPS cells, thereis till alack of consensus in deriving, culturing, and
differentiating iPS cells among different laboratories as highlighted earlier. Furthermore,
individual iPS cell lines may vary in their ability to differentiate into different cell lineages,
making testing and approval by the FDA in atimely fashion even more difficult. Another
issue that may hinder the clinical translation of iPS cell therapiesis the economic feasibility
of producing individualized iPS cell therapeutic products. The viability of a business model
for patient-specific iPS treatment is still unknown. It may well be the case that few if any
pharmaceutical companies will be able to produce cost-effective individualized iPS cell
products tailored for asingle patient at atime. On the other hand, the unique potential of iPS
therapies cannot be denied. For instance, if researchers are able to solve the immune
tolerance problem 20, then one can foresee allogeneic transplantation of iPS cell products
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(which can bypass the traditional ethical concernsthat still plague ES cell products). To be
commercialy feasible, these cells will need to be made in standardized, large-scale
production, and the individual needs or profiles of patients will need to be easily assessed to
allow matching and wide distribution.

Conclusion

In

summary, iPS cell-based therapies are still in their infancy, and many hurdles remain to

be overcome before their clinical applications become areality (Figure 1). With further
improvements in derivation technol ogies, characterization methods, cultivation and
differentiation protocols, and a better understanding of the reprogramming mechanisms,
therapies using patient-specific iPS cells have the potential to revolutionize regenerative
medicine and benefit patients for decades to come.
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hASC human adipose stem cell
EScdl embryonic stem cell

MEF mouse embryonic fibroblasts
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There remain significant hurdles to be overcome in each step, from iPS cell derivation to
pre-clinical trials, before iPS cell-based clinical applications can become areality. SF, skin
fibroblasts; Kera, keratinocytes, CD34*, CD34" cells from periphera blood; ASC, adipose
stem cell; CB, cord blood cell; Endo, endoderm; Meso, mesoderm; Ecto, ectoderm.
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