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ABSTRACT

The field of pluripotent stem cells (PSCs) is in a state of dynamic flux driven by significant advances in
the derivation of specific phenotypes from embryonic stem cells, breakthroughs in somatic cell nu-
clear transfer, and dramatic improvements in generating induced PSCs using zero footprint methods.
Spurred by these technological advances, companies have begun to plan clinical studies using human
PSC derivatives manufactured in current Good Manufacturing Practice-compliant conditions. In the
present review, we discuss the challenges in making these biological products, starting from tissue
sourcing to the processes involved in manufacture, storage, and distribution. Additional challenges
exist tomeeting the regulatory requirements and keeping costs affordable. Amodel is described that
has been proposed by theU.S. National Institutes of Health for reducing the costs and permitting flex-
ibility and innovation by individual investigators. Thismodel, combinedwith small adjustments in the
regulatory processes tailored to address the unique properties of PSCs, has the potential of signifi-
cantly accelerating the implementation of PSC-based cell therapy. STEM CELLS TRANSLATIONAL
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DEVELOPING THERAPIES BASED ON PLURIPOTENT
STEM CELLS

Pluripotent stemcell (PSC)-based therapy is a very
young field. Although we have known how to de-
rive and culture mouse embryonic stem cells
(ESCs) successfully for many years, we were un-
able to adapt those techniques to human cells un-
til recently. The pioneering studies performed in
Dr. Thomson’s laboratory were built on earlier
work by Drs. Bongso and Eldor and others that
have enabled investigators to develop techniques
for the derivation of ESCs from nonhuman pri-
mates, followed by the generation of ESC lines
from human blastocysts [1]. The relatively ineffi-
cient,early techniquesweresoon improvedandre-
fined. As a result, the production of human ESC
(hESC) lines is now straightforward, andmore than
1,000 lines have been derived worldwide. At least
200 of these are on the NIH registry that records
the lines that have been determined to be eligible
for federal funding in the United States [2].

Since the initial derivation of ESCs in 1998,
several key technical advances have enabled
the widespread use of ESC-based technology [3,
4]. These include techniques for deriving lines
without destroying the embryo, generating lines
from different stages of embryonic development
(inner cell mass, morula, and late blastocyst
stage), and deriving parthenogenetic lines
(Table 1). These advances, coupledwith improve-
ments in the techniques used in culturing cells

and identifying the growth factors required for
maintaining undifferentiated cells, suggested
that it would be possible to derive human PSC
(hPSC) lines that comply with the regulations
set by the Food and Drug Administration (FDA)
for the use of these cells in a clinical setting. Such
lines could then be used as the starting material
for producing differentiated cell products that
can pass FDA scrutiny. Several companies and
university-based investigators have generated
such PSC banks (Table 2).

In planning cell therapies that involve the
transplantation of PSC-derived products, a major
concern has been the presence of residual undif-
ferentiated PSCs that can form teratomas in the
recipient. This issue has been addressed by com-
panies such as Geron Corporation, Advanced Cell
Technology, and ViaCyte, Inc. and has been dis-
cussed in detail in other publications [5]. The
reader is referred to the original references in
the review for a detailed discussion of this impor-
tant topic. In brief, the results of the preclinical
studies and the published rodent data reported
by these groups suggest that once PSCs are differ-
entiated, few residual pluripotent cells will per-
sist, and these have not appeared to generate
teratomas in animal studies. These data have
been considered sufficient to demonstrate the
safety, and these groupshaveobtained FDAclear-
ance for phase I clinical trials.

The use of ESC derivatives for allogeneic
transplants raises another issue—that of immune
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matching and tolerance. Years of clinical studies involving nonau-
tologous cell and organ transplantation have shown that no truly
immune-privileged sites exist. In the absence of immune suppres-
sion, most grafted, allogeneic cells will provoke rejection. The
emerging consensus is that, at the very least, short-term suppres-
sion would be required. However, even short-term immune sup-
pression introduces its own risks and difficulties that need to be
considered in designing trials and performing adequate follow-up
studies. Investigators have attempted to resolve the issue of re-
jection using several different methods. One strategy involves
generating cell banks of human leukocyte antigen (HLA)-
matched cells that will serve as an extensive library for selecting
close-to-optimal matches for patients. Debates concerning the
size of these banks indicate that such an effort is possible, al-
though expensive. Other investigators have offered engineering
techniques to reorganize the entire HLA locus in an attempt to
produce universal donor lines [6–8]. Still other groups have sug-
gested nuclear transfer techniques pioneered in frog embryos by
Dr. Gurdon andhis colleagues [9, 10]. This approach has been suc-
cessful in a number of species and has resulted in the cloning of
“Dolly” the sheep and “SNUPI” thedog and the cloning of pigs and
cows. However, extending nuclear transfer techniques to derive
human embryos with the desired genotype met with difficulties
[9]. These early studies faced technical issues, because the inves-
tigators could not maintain the integrity of the mitotic spindle
that would allow successful cell division and growth. The recent
work of Noggle et al. [11] and Tachibana et al. [12] has shown that
these hurdles can be overcome, and hESCs have been derived
from embryos created using nuclear transfer.

Despite the tremendous progress within a short span of 15
years, these hard-earned advances have highlighted the practical
difficulties involved in using ESC-derived products in cell therapy.
Such challenges, coupled with the lingering ethical concerns
expressed by some groups, have steered the field to focus on us-
ing existing lines for nontherapeutic applications, on understand-
ing the basic biology of stem cells and the pluripotent state, and
on exploring other sources of pluripotent cells.

The recent landmark discovery that pluripotency can be in-
duced via a handful of transcription factors or by modulation of
key pathways using RNA, microRNA, protein, or small molecules
has dramatically changed the field [13–15]. Although induced
PSCs (iPSCs) can be similar to ESCs in their ability to generatemul-
tiple cell types, they offer the ability to generate ESC-like, plurip-
otent cells from any individual with fidelity and high efficiency
[16]. This possibility is a game-changer and offers the tantalizing
promise of personalized therapy and a novel solution to the im-
mune rejection issue. As discussed, one of the significant road-
blocks to cell therapy has been immune rejection; alternative
solutions to bypass rejection have thus far proved unsuccessful.
Despite some initial concerns [17], autologous iPSCs do not ap-
pear to cause immune rejection and thusmight not require either
short- or long-term immune suppression [18–20]. This strategy
has recently been used for a clinical trial in Japan in which autol-
ogous iPSC-derived retinal pigment epithelial (RPE) cells are being
implanted into patients with age-related macular degeneration
(AMD). This new approach to cell-based therapy has fueled an ex-
ponential growth in the PSC field, and the importance of this dis-
covery was confirmed by the award of the Nobel Prize for this
discovery to two pioneers Drs. Gurdon and Yamanaka.

The potential of the pluripotent stem cell field has been fur-
ther enhanced by recent breakthroughs in cell engineering. Build-
ing on the Nobel Prize-winning work of Oliver Smithies and
Mario Capecchi, several investigators examined whether it
was possible to engineer human ESC to correct gene defects
or to introduce genes to provide a missing enzyme or trophic
support [21, 22]. What was exciting was that it appeared that
the efficiency was about the same as that for mice, suggesting
that, technically, no fundamental unresolved issues to performing

Table 1. A brief list of possible pluripotent cells

Cells derived from blastocysts/unfertilized embryos

Näıve and primed inner cell mass-derived cells

Single cell isolation at PGD

Blastomere stage derivation

Morula stage derivation

Epiblast stage derivation

Parthenogenetic derivation

ESC derived by SCNT

Ooplasm transfer

Nuclear transfer

Germ cell lineages

Culture oocyte and testicular cells

PSCs derived from adult cells by reprogramming

iPSCs using DNA, RNA, miRNA, protein, small molecules

iPSCs using coculture with ESCs or ECs or other reagents

Isolation of presumed pluripotent cells from adult

Very small embryonic-like cells

Postnatal pluripotent stem cells

Ectopically present germ cells

PSCs have been harvested from various stages of the developing
blastocyst and have been derived by SCNT, from germ cell lineages, or
fromadult cell populations; iPSCs constituteanewsourceofPSCderived
by reprogramming.
Abbreviations: EC, endothelial cell; ESC, embryonic stem cells; iPSCs,
induced pluripotent stem cells; PSCs, pluripotent stem cells; PGD,
preimplantation genetic diagnosis; SCNT, somatic cell nuclear transfer.

Table 2. A brief list of organizations that have generated ESC or iPSC
cell banks under cGMPs

Organizations that have generated PSC cell banks under cGMPs

Advanced Cell Technology

Biotime, Inc. (acquisition of ESI lines)

Cellectis AB

Center for Applied Technology Development, City of Hope

Center for iPSC Cell Research and Application (Japan)

Geron Corporation

Institute for Integrated Cell-Material Sciences (Japan)

Roslin cells

University of Sheffield

Viacyte, Inc

Waisman Biomanufacturing

It is important to note that derivatives of these lines have been
transplanted into patients in early phase I clinical trials.
Abbreviations: cGMPs, current Good Manufacturing Practices; ESC,
embryonic stem cell; iPSC, induced pluripotent stem cell; PSC,
pluripotent stem cell.
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ex vivo gene therapy in humans remained. However, onemajor hur-
dle remainsbecause,unlikemice inwhichheterozygous-engineered
cells can be passaged although a chimera stage to obtain homo-
zygous lines, alternative techniques would need to be developed
to generate homozygous lines efficiently in humans. Recently,
several methods to enhance the efficiency and fidelity of homol-
ogous recombination have been described. These include the use
of zinc finger nuclease, transcription activator-like effector nucle-
ase, and clustered regularly interspaced short palindromic repeat
(CRISPR)-associated protein 9/CRISPR systems [23, 24]. Efficien-
cies as great as 40% for a specific site for knockouts have been
reported, which are an order of magnitude greater than what
was achievable previously [25], allowing for single allele and dou-
ble allele knockouts. Thus, for the first time, the technologies re-
quired for autologous cell therapy with gene engineered cells are
available.

Given these advances, several models of cell based therapy
can now be proposed. One model is to use autologous PSC-
derived cell products or engineered PSC-derived cells for cell re-
placement or as a vehicle for the delivery of an enzyme or drug.
Similar to other autologous cell therapies, the use of patient-
specific PSCs will bypass the issue of immune rejection. Alterna-
tively, if HLA-matched banks of iPSC cells are available, this “hy-
brid”model will allow the selection and use of optimallymatched
cells to produce graft material that will only require limited im-
mune suppression. Differences between these autologous and
allogeneic models are highlighted in Figure 1. Each model can
be further subdivided based on associated genetic engineering,
such as knockouts to treat gain-of-function diseases or knock-ins
to restore a missing or nonfunctioning gene, or to create cells that
have a novel method of ameliorating disease.

ThePSC field isnot justbeing shapedby the rapidpaceof tech-
nological change, it is also strongly influenced by the require-
ments set by regulatory authorities and by the ethical and
social constraints in different countries and states. Likewise, it
has been influenced by patents and regulations governing the de-
livery of cell-based therapy and by the enormous expectations
that people have for this novel type of therapy [26–31]. Countries
with stricter regulations onuseof ESCshave focusedon iPSCs, and
others are continuing a more balanced approach and awaiting
further results from a longer term analysis of iPSCs. Nevertheless,
a few pioneers have already initiated efforts to use iPSCs for ther-
apy, and a clinical trial has been initiated in Japan [32].

REGULATORY AND MANUFACTURING ISSUES IN PLURIPOTENT
STEM CELL-BASED THERAPY

In general, the same set of regulatory requirements apply for all
cell-based therapies, irrespective of the source of cells used. The
FDA guidance reports include requirements concerning cell
sourcing, manufacturing, product characterization, and safety
and efficacy testing. For allogeneic therapies, to comply with
FDA requirements, the cell and/or tissue must be obtained from
a donor that meets donor eligibility requirements. This includes
obtaining the medical history from the donor, donor screening,
and donor testing. Next, the PSC starting material and the final
cell products thatwill be used for commercializationmust be gen-
erated according to the current Good Manufacturing Practices
(cGMPs). In these respects, no difference exists between a proto-
col that uses PSCs and one that uses adult cells such asmesenchy-
mal stem cells or fibroblasts.

The different types of PSC-derived cell products have differ-
ent challenges in complying with these regulations. When devel-
oping hESC-derived therapies, donor eligibility information can
be challenging or impossible to obtain. In addition, generating
hESCs under cGMPs is limited, because the in vitro fertilization
process used to create the blastocyst is not generally a cGMP-
compliant procedure. However, even without completely com-
plying with these regulations, the FDA has allowed some groups
to initiate clinical trials without this information. It remains un-
clear whether these groups will be able to successfully commer-
cialize these therapies.

Although all cell therapies have the same regulatory require-
ments, PSC-based therapies have someunique properties that in-
fluence the manner in which they are regulated. A critical issue
unique to therapies using PSC derivatives is that of residual, un-
differentiated PSCs in the final product. Bydefinition, PSCs are na-
ı̈ve cells capable of developing an entire individual, provided all
the correct signals are present in time and space. When trans-
planted into an adult environment, they will not find all the in-
structive cues that direct their differentiation. Therefore, if
sufficient numbers of pluripotent cells are present, theywill grow
stochastically to form a benign tumor termed a teratoma [5].
These benign tumors pose a problem, because they will have
mass effects, and a small, but definite, possibility of malignant
transformation. Paradoxically, in the case of autologous or
matchedcells, this problemcouldbeexacerbatedbecause the im-
mune systemmight remainpassive. However,wedonot have any
easymodels to study this issue in vivo. Transplanting human cells
in xenomodels requires immune suppression or the use of immu-
nologically compromised mice (although these might still retain
some residual immunological responses), which reduces the
fidelity of the model. Matched teratoma experiments, in which
the iPSCs are of the same species as the animal model, were

Figure 1. Differences between autologous and allogeneic cell therapy
models arehighlighted.A “universal cell” is a conceptof a line that canbe
used for all patients because it is immunologically modified to not gen-
erate an immune response. A new licensing model will likely need to be
developed for autologous therapy as current regulationsmake it difficult
to get approval for a variety of reasons (details given in text). Abbrevia-
tions: GMP, Good Manufacturing Practice; HLA, human leukocyte anti-
gen; iPSC, induced pluripotent stem cell; pt., patient.
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difficult to perform and ultimately might not reflect human
responses. These issues make the process of manufacturing cells
from PSCs much more difficult and significantly more expensive
than that for adult cells.

Another issue for PSC-based therapy and, in particular, for
iPSC-based therapy is the combination of ex vivo gene correction
with cell delivery [33]. Currently, we do not have a defined ap-
proval process for the novel technologies being considered for
gene correction. If we impose the same regulations that we have
for viral-based gene therapy, or add regulations in addition to
those for cell-based therapies,wemightbecreatingan impossible
barrier for pioneers developing such innovative, combination
therapies. In addition, our manufacturing and testing processes for
manufacturing these products must be carefully designed so as to
not impose an unacceptable cost for the novel, autologous therapies.

In terms of manufacturing, PSC-derived therapies have some
unique issues. Humans have a long lifespan; thus, human cells ma-
ture more slowly in culture, taking months to reach an immature
buttransplantablestage.This results inaddedcostandtime,because
the cells must be maintained for longer periods in a cGMP environ-
ment. Residual pluripotent cells in the final product need to be de-
pleted; this too will increase the costs in time and development and
testing. Additional caveats tomanufacturing cell products fromPSCs
include the large number of steps involved in differentiation and the
length of time required for the process. This raises the risk of intro-
ducing karyotypic changes owing to the stresses of the cell culture.
Furthermore, each differentiated product requires a specific set of
reagents, a different sequence of steps, and, often, different techni-
ques [34–36]. Although several groups have successfully generated
cell products using these lengthy processes, none of our current
cGMP facilities are designed to efficiently perform long-term pro-
cessesor tobe rapidlymodified toaccommodate themultiplediffer-
entprocesses required fordifferentiationofdifferent cells. A second,
perhaps less obvious, contributor to the cost is that each cell type for
therapy, in addition to requiring a different manufacturing process,
often requires a special final formulation and a different method of
delivery that has been tailored to the cell type and disease state.
Thus, one cannot standardize the equipment, standard operating
procedures (SOPs), or training when manufacturing different PSC-
derived products. The burden of this specificity is illustrated by com-
paring themaking of influenza vaccines with producing RPE and do-
paminergic neurons from PSCs. It is possible to create a different
vaccineevery yearusing the same facility, samepersonnel, and same
processes; this conservation of resources keeps the manufacturing
and training costs manageable. However, it is impossible to have
a common process for creating RPE sheets and also a dopaminergic
neuron, even when using the same cell line as the starting material.
The protocols, reagents, techniques, and timeframes for producing
RPE are completely different from those for differentiating dopami-
nergic neurons. This issue will be further compounded by the differ-
ences in the total number of cells needed for each disease condition.
Treating macular degeneration might require 200K RPE per patient
but treating heart disease might require in the neighborhood of 10
billion cells per procedure.

AUTOLOGOUS, ALLOGENEIC, OR HYBRID MODELS HAVE
DIFFERENT TISSUE SOURCING AND MANUFACTURING
CONSTRAINTS

In designing cell-based treatments starting with PSCs, a key decision
iswhether touseanautologous-, anallogeneic-,orahybrid-matched

approach (Fig. 1). This choice has important implications for the
manufacturing process and the associated infrastructure and could
affect thedesignof thepreclinical studies.Nevertheless, these issues
are similar to those faced by any other cell product and have been
well covered elsewhere. We emphasize two important issues. First,
the expense related to manufacturing PSC-derived cells will be fur-
ther exacerbated when an autologous therapy is considered, as dis-
cussedabove.Oneof thekeyconcernswith this typeof therapy is the
variability among patients; iPSCs derived from different patients
couldhavedifferentcharacteristicsanddifferentsafetyprofiles.With
this type of therapy, the costs cannot be amortized over a large lot
size, and the current regulationsmight necessitate performing tests,
such as long-term stability and detailed preclinical studies for every
single patient’s sample. The regulators themselves are constrained
by rules and cannot provide blanket exemptions; it will be very im-
portant to determine whether specific regulations can inhibit this
technology from moving forward [37].

Second, if plans exist to use HLA-matched and banked sam-
ples that have already been generated, we will need to scrutinize
the original consent forms for tissue donation. The consent
requirements for stored samples often did not anticipate their
use for the generation of iPSCs or clinical and commercial appli-
cations. Without the appropriate consent, we could lose the abil-
ity to use such valuable samples. In theory, it might be possible to
contact the donors for their consent; however, this might not be
possible given the conflicting regulations on anonymization. A re-
quirement for contactmight, therefore, prove insurmountable. If
the desired material is in another country, transportation could
pose another obstacle. Shipping human cells is closely regulated,
and the regulations governing transportation could prohibit har-
monization or use in different countries [38–40].

Although these issues apply to existing samples, we should
also be concerned about samples collected for future use and de-
cide which tests are necessary, or represent acceptance criteria,
and when they need to be performed. For example, in an autol-
ogous setting, does transplanting a prion protein-bearing sample
represent an unacceptable hazard? Is cytomegalovirus contami-
nation an issue or even required in autologous transplants? Is an
existing karyotypic abnormality an issue in an autologous setting?

Another practical decision involves the point at which a sam-
ple enters a cGMPenvironment. In general,multiple iPSC colonies
are harvested during the iPSC derivation process. After expan-
sion, one clone is selected for all future work, such as differenti-
ation, with or without genetic engineering. This selected clonal
cell line can be entered into the cGMPmanufacturing facility after
suitable qualification. In contrast, the costs will rapidly escalate
and become prohibitive if the entire derivation process must
be conducted in a cGMP environment. Furthermore, the cell lines
initially generated in a research laboratory and then transferred
to a cGMP facility might be suitable for clinical entry in phase I
trials; however, it is not clear whether these cells will be accept-
able for licensure.More importantly, no consensus worldwide on
this issue has been reached.

PRECLINICAL STUDIES FOR AUTOLOGOUS THERAPY POSE
CHALLENGES IN COST AND TIME

Conducting preclinical studies to evaluate cells for therapy faces
numerous challenges, including the lack of goodmodels, the lack
of homologous cells in appropriate species, and the immune issue
in xenotransplants. These have been discussed previously [32, 34,
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35]. In the present report, we emphasize one point thatwill affect
the timing, cost, and development of autologous therapy using
iPSCs. The FDA usually requires that critical preclinical studies
be performed on the final product, manufactured using the ap-
propriate cGMP-qualified process. The cGMP process is costly
and time consuming and accompanied by a large, upfront ex-
pense. Themanufacturing process is likely to require adjustments
as improvements occur andmanufacturing technologies change.
Although this is similar to themanufacture of other biologics, the
manufacturing process for PSC-based cell products is generally
longer and more complicated and requires many more novel
technologies; thus, it carries a lot more risk.

Reasons existwhy itmight not beprudent to commit to a sin-
gle, cGMP-qualified PSC line too early in the process. A change
might be necessary, because the line was altered in some fash-
ion or new clinical or genetic findings have revealed a concern
that might limit the use of the line. Replacing one PSC line with
another is relatively straightforward; however, if regulations re-
quire all tests be repeated with each change, this will impose
a burden on developers. The burden involves the cost and time
required. It is important to note that Takahashi et al [14] have
just initiated a clinical trial in Japan using autologous iPSC-
derived RPEs for the treatment of AMD. This group has per-
formed extensive preclinical testing and has implanted the first
patient [19, 41, 42].

NIH MODEL OFFERS A PARTIAL SOLUTION TO THE BURDEN
OF COST

In an attempt to help reduce the cost of manufacture without
restricting individuals to the use of a particular cell line, the
NIH has proposed the following model of cell development
(Fig. 2). The NIH, by developing clinically compliant protocols
for generating, storing, and distributing human PSC lines, has en-
sured that the SOPs and protocols will be accessible to all individ-
uals and that each individual or laboratory will not have to
reinvent these protocols de novo. Equally important, the actual
cells made by these processes will also be available for testing
and evaluation in individual protocols, which will allow individual
investigators to test an off-the-shelf product at a relatively mod-
est cost. Importantly, this process will reduce the risk of unex-
pected problems surfacing later when the final cell line using
the same processes has been generated. This is particularly im-
portant for autologous products for which one needs some data
on the process and procedure for therapy before one moves for-
ward to the clinic. One can imagine having a small bank of 10–12
lines, manufactured under a process that can be transferred to
a cGMP facility, that is widely available for preclinical testing
and for developing modified differentiation protocols. Once a re-
producible differentiation has been demonstrated in 3–4 such
lines, one can be reasonably comfortable that a new autologous
PSC line or onewith a newunique therapeutic profile can be used
to generate a differentiated final product. These studies will also
provide the regulatory authorities with data to use to compare
different PSC lines, data that could be useful in determining reg-
ulatory compliance. In the long term, this could reduce the time
required for development and, by extension, the costs of devel-
opment. Thus, by providing well-characterized lines to a large
community of researchers, the NIH, at a relatively modest initial
investment, has enabled a large community of researchers to test
the efficacy of a potential therapeutic agent. The NIH has also

reduced the risk of failure that is inherent in translating processes
froma research laboratory environment to a cGMPenvironment.

The benefits of the NIH model, however, will depend on how
the regulatory authorities view and use such a model. Will they
accept the comparability data provided, and will they provide
clarity on this acceptance so that developers can mitigate risk?
Equally important, will sufficient scientific data be available to
suggest that comparability and predictability data can be gener-
ated? Tests are currently available to inform these questions. The
PluriTest andGeneCard (Weizmann Institute of Science, Rehovat,
Israel, http://www.weismann.ac.il) data provide information
about thequality of the cell lines [43, 44]. Recently generateddata
from a direct comparison of multiple lines have suggested that
a number of important variables, such as the tissue source, errors
introduced during the iPSC-derivation process, or donor age, do
not significantly alter the quality of the iPSCs generated, provided
the same process and integration-free methods are used [45].

The NIH model offers additional potential benefits. Using
commercial cell manufacturing organizations (CMOs) will allow
the same experienced facility to create new lines in the future
or tomanufacture the sameendproduct fromaunique line, using
the same SOPs, the same quality control tests, and preclinical
models. This can lead to significant cost savings for any potential
cell therapyprovider, because theywill not have tobecommitted,
early on, to a specific cell line ormanufacturing process. Also, they
will not be required to disclose their specific modifications or
improvements to a particular process.

OTHER INNOVATIVE WAYS TO ACCELERATE TRANSLATION

The Japanese government has taken adifferent approach to reduc-
ing the cost of development and accelerating the process of bring-
ing PSC therapies to patients. In 2013, the Pharmaceutical Affairs
Act was revised and the Act for Ensuring Regenerative Medicines
was enacted. These Acts promote the practical application of

Figure 2. TheNIHmodel funds theprocessofmakingpluripotent stem
cell lines and bears the cost. The process and the lines generated using
this process can then be used by nonacademic entities without any
restrictions from theNIH. This reduces the cost of development, and be-
cause a commonprocessmaybeusedby someof theentities, standard-
ization and comparison of results are feasible. Abbreviations: CCRM,
Colorado Center for Reproductive Medicine; cGMP, current Good
Manufacturing Practice; ESC, embryonic stem cell; iPSC, induced plurip-
otent stem cell; PACT, Production Assistance for Cellular Therapies; PSC,
pluripotent stem cell.
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advanced science such as the iPSC technology by modifying the
existing Pharmaceutical and Medical Devices Agency regulations
[46], such that hospitals and other qualified institutionswill be able
to introduce an experimental therapy, provided it was safe, and
could expect tobe reimbursedduring the initial experimental stud-
ies in humans. Institutions haveup to7 years to provide data to the
regulatory authorities for a full commercial license. To further in-
crease the number of eligible institutions, the authorities made
an additional and crucial change. Recognizing that individual insti-
tutions might not have the capability to manufacture a clinically
qualified, experimental product, they have allowed institutions
to contract out such services to eligible vendors.

These keypolicieswill substantially reduce theenormous cost
of conducting clinical trials,mitigate the risk that small companies
take, and dramatically reduce the time to market.

Although it is unclear whether any of these modified regula-
tory pathswould be approved in theUnited States, it is important
to realize that the issue of access to these therapies is being de-
bated. An important component of the debate is cost and devel-
opment time while keeping the safety considerations in mind.

A SLIGHTLY DIFFERENT INTERPRETATION OF THE RULES MIGHT
RESOLVE SOME OF THE ISSUES FACING THE FIELD

Attempting to retrofit the existing rules to a newmodel of ther-
apy could be a part of the challenge in implementing stem cell-
based therapy today. An alternative approach that might solve
many of these issues is to consider PSCs as just another reagent
used to manufacture the end product, a reagent no different
from that of qualified serumor a growth factor required tomake
a therapeutic product. The use of starting materials such as
these follows regulations that are straightforward and well de-
fined. If similar regulations could be applied to cellular input
products, this could greatly simplify and expedite the conduct
of cell-based therapies. For example, Certificates of Analysis
and validation and Quality Control can be performed as a part
of a supplier verification process. In the use of reagents for
a “typical” manufacturing process, one supplier could be
replaced with another as long as the material met all the qual-
ifying specifications. Similarly, with appropriate change docu-
mentation, one could change the input cell, provided it met
the same specifications as the original cell. This would obviate
the time and cost of repeated consent issues and, importantly,
would allow the use of a single cell line to generatemultiple clin-
ical products. It would also enable the straightforward transfer
of the approved, starting cell line from one facility to another.
Residual startingmaterial in theendproduct is considereda con-
taminant, and the standard rules for contaminants would apply.
The advantages of such a change would be that it avoids the au-
tomatic, required testing and the repeated preclinical studies
that might otherwise be necessary. Making the same product
at two sites is amanageable issue, and replacing the startingma-
terial or seed stocks would become practical when such a clear
change path exists. In essence, approval would not be based on
the source of a cell product (i.e., a particular cell line). Rather,
approval would be for a particular end product, defined by its
potency assay and composition, not its source. To be clear, no
one is suggesting the use of undifferentiated cells for therapy
nor that donor eligibility criteria be waived. The process de-
scribed is, conceptually, not dissimilar to that used for cord

blood or marrow banks, nor with somemore recently approved
cell therapies.

This logic can be applied to the case of RPE cell therapy for
the treatment of AMD. The input cell comes from different indi-
viduals; however, the end product is a formulation of RPE with
a defined composition and a defined function. This distinction
would mean that preclinical tests could be conducted with
a number of established lines or a subset of these lines. One
would then accept the comparability of the product manufac-
tured using the approved process. The logic of this approach
would allow autologous therapies to be developed in a simple,
rational method, with testing and characterization focused on
the final cell product, rather than the starting material. The reg-
ulatory authorities might not be adverse to this concept; several
autologous therapies have been approved. In these cases, the
starting sample was different, but the manufacturing process
was the same, and the end products were functionally similar,
although by no means genetically identical. Two such approved
products are LAVIV (Fibrocell Science, Exton, PA, http://www.
fibrocellsicence.com) and Carticel (Sanofi-Aventis, Paris, France,
http://www.carticel.com). If such a process is extended, it could
allow many of the existing ESC lines to be used as input cells
for therapy.

Some potential risks could be associated with such a model.
Perhaps the greatest is analogous to what has been termed off-
label use of small molecule drugs. This happens when a cell prod-
uct has been approved andmade available as a therapeutic agent
for a specific condition, and clinicianswish touse it for someother
condition. One could imagine a cell therapy company obtaining
approval for one indication and then making the cells available
for multiple indications, in particular, in the case of autologous
cell-based therapy. This is a reasonable concern, and although
it requires vigilance and adequate checks and balances in the sys-
tem, it is not of sufficientmagnitude to consider requiring the de-
velopment of entirely new regulations.

WHAT MIGHT THE FUTURE LOOK LIKE

If regulatory changeswere implemented along the lineswehave
discussed and some of the manufacturing issues were resolved,
itmightwell be feasible to have a bank of HLA-matchedPSC lines
that would be readily available to all users. A clinical investigator
who has decided on a specific cell-based therapy for a patient
and has determined the required differentiated cell type and
dosage could request shipment of HLA-matched cells from
the bank to an appropriate CMO or university-based cGMP fa-
cility, where the shipped cells would be differentiated to gener-
ate the appropriate cell phenotype using an SOP that has been
approved for the production of cells for therapeutic use. Al-
ternatively, if time permitted, or if a clinician believed that
autologous cells were required, the patient could go to an ap-
proved collection site to donate a tissue sample to be used to
generate autologous iPSCs for that patient’s use and for contri-
bution to an HLA-typed bank.

Acquiring regulatory approval for PSC-based cell therapy
wouldbemoreakin to current practice inusing anapprovedprod-
uct for a new indication. Investigator-initiated trials would be ap-
proved by institutional review boards and posted on registries,
such as clinicaltrials.gov, with full transparency; the regulatory
authorities could thus be kept informed. Universities, biotech
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companies, and even pharmaceutical companies could initiate
clinical trials using the standard regulatory path.

New studies and new uses would be developed by investigators
initiating trials under the current regulations, andwidespread use of
a particular therapywoulddependon rigorous trials conducted in an
investigational new drug format. In one sense, the future would not
beverydifferent for theregulatoryauthorities;however, for theclini-
cians andpatientsandmanufacturers, itwouldmeanclarity, a reduc-
tionofrisk,andwidespreadadoptionof thisexcitingnewtechnology.

CONCLUSION

We have discussed three current models of PSC-based cell ther-
apy, each faced with different regulatory requirements. The first
is a personalizedmedicine approach inwhich autologous cells are
harvested from the patient, processed as required under appro-
priate guidelines, and then returned to thepatient as a treatment.
A second, allogeneic model uses a single, well-characterized,
high-quality cell population that can be manufactured on a large
scale. In this model, the end product would be subjected to rigor-
ous tests akin to those used for a smallmolecule or biologic agent.
Once tested and approved for clinical application, the product
could then treat hundreds, even thousands, of individuals. The
third is a hybrid model in which a bank consisting of different
HLA-matched cell lines is established. Differentiated cells could
then be derived from selected lines on an “as per need” basis
for use in a limited number of patients at any one time.

Eachmodel faces unique challenges that are exacerbated be-
cause the technology is also evolving rapidly. Even iPSCs, which
were developed less than a decade ago, might be superseded

by modifications in the basic iPSC approach, such as direct differ-
entiation or differentiation in situ. These new methods might of-
fer faster and less expensive alternatives, bypassing the stable
intermediate pluripotent stage in iPSC protocols.

Nevertheless, for these efforts to be viable, it will likely re-
quire changes in the regulations. These changes should not com-
promise patient safety, which is the paramount concern of the
regulators. Bymitigating the twin burdens of cost and time, these
strategies will incentivize developers to establish novel, cell-
based therapies that are so critically needed for the many intrac-
table diseases that continue to afflict people worldwide.
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