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ABSTRACT

We identify three dimensions with which to classify heuristically the routes to widespread adoption
of cellular therapies. The first dimension is based on the relative involvement of clinicians and
companies in a particular cellular therapy. The second dimension is based on cell type and conse-
quent scale of manufacture. The third dimension classifies the therapeutic intervention as a proce-
dure or product and has perhaps received less attention.We suggest that for those cellular therapies
that require therapeutic procedures, close collaboration between companies and clinicians will
reduce the time to widespread adoption. For selected cellular therapies wemake predictions of the
likely time to widespread adoption. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:438–447

INTRODUCTION

Using cells to cure patients is an attractive and
potentially revolutionary therapy [1]. The oppor-
tunity offered by potentially restorative treat-
ments has been seized on the one hand by clini-
cians and on the other by companies, despite a
challenging regulatory environment [2].

Clinician-led cellular therapies are increas-
ingly common with a growing number demon-
strating benefit to patients [1, 3]. Company-led
programs for cellular therapies are also being vig-
orously pursued, and the first licensed cellular
advanced therapeutic medicinal product (ATMP)
is available in Europe [4]. The relative involve-
ment of clinicians and companies in a particular
cellular therapy, as evidenced by clinical trial au-
thorizations, defines one dimension of analysis.
The second dimension of analysis is the distinc-
tion between autologous and allogeneic thera-
pies that lead to differences in the manufactur-
ing technologies, the scale associated, and the
disease indications to which they are suited [5].

The third dimension might be loosely
thought of as the degree of integration of a par-
ticular cellular therapy program with clinical
practice. On this dimension, the focus of the de-
velopment of a cell therapy may be on a clinical
procedure rather than a clinical product. Focus
on product is likely to be commoner in those de-
veloping a therapy inwhich the prevalence of the
indication is high.

We shall discuss how analysis along these
three dimensions using heuristic classification [6]
can lead to a better understanding of the route
to market for cellular therapies by identifying

factors that have a differential impact. Put an-
other way, how will widespread adoption of cel-
lular therapies best be achieved?

MATERIALS AND METHODS

We have selected characteristics of cellular ther-
apeutic interventions that we believe will have
an impact on the time it will take for market ap-
proval and widespread adoption to be achieved.
We have used heuristic classification as a
method, as identified by Clancey [6]. In the first
instance we have identified three dimensions
that differentiate cell therapies from one an-
other in terms of factors that we believe will play
a key role in development and adoption in order
to develop a heuristic classification of cell thera-
pies existing or in development. These dimen-
sion are as follows.

The autologous-allogeneic dimension. Here
autologous is defined by donor cells that are de-
rived from the patientwho is the sole recipient of
the cell product. Allogeneic is defined as donor
cells that are derived from a source other than
the patient to manufacture a cell bank from
which a cell product is derived to treat many pa-
tients [7].

The clinician-company dimension. This dimen-
sion has been defined according using publicly
available clinical trial data (ClinicalTrials.gov,
http://www.clinicaltrials.gov). Clinician-led cell
therapies are those where the clinical trial is
sponsored by an institution, whereas company-
led cell therapies are defined as those where the
clinical trials are sponsored by a company.
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The procedure-product dimension. We have defined this di-
mension to map the complexity of the intervention. If interven-
tion is minimal (e.g., cells are applied to skin or injected either
intramuscularly or intravenously), then the therapy is defined as
a product. A cell therapy with a complex route of administration
(e.g., surgery) is defined as a procedure.
We used the clinical trials database (ClinicalTrials.gov) to de-

velop an overview of cell therapies in clinical trials. In the first
instance, we searched for “stem cells” and refined the search for
interventional trials. From the 3,112 trials listed as of March 3,
2011, we then analyzed a randomly generated data set contain-
ing 600 trials. Hematopoietic stem cell transplantation for com-
mon blood cancers and immunodeficiency is now a well-devel-
oped clinical therapy [8] and although trials continue for these
indications, we included only those that involve new therapeutic
indications. We also excluded gene therapies delivered using
cells (the occurrence of which was rare because of the search
terms used), mesenchymal stem cell therapies (because mesen-
chymal stem cell therapies are based on immunomodulation and
not cell replacement [9]; we analyzed these separately), and tri-
als that did not have a therapeutic aim. This left a total of 75
trials. On the basis of this sampling paradigm, we predict that of
the 3,112 trials registered, 389 (12.5%) are cell therapy trials that
escape the exclusion criteria (Table 1).
A separate analysis ofmesenchymal stem cells was completed

using the clinical trials database (ClinicalTrials.gov). Of the 150
trials listed as of March 3, 2011, 129 met our criteria. Those
excluded were either hematological or nontherapeutic. On the
basis of our sampling, we estimated that approximately 4% of all
stem cell trials listed in the clinical trials database (ClinicalTrials.
gov) are mesenchymal stem cell trials.
We also used a combination of publicly available data and

predictions to map the time to widespread adoption of a selec-
tion of cell therapies that are either approved or in development.
Mapping of historic activity is based on publicly available data
such as that from clinical trials databases and publications (ref-
erenced in Table 2).Mapping of future activity is based on known
data such as market size and production capacity and predicted
data such as uptake rates and clinical trial approval (Table 2).

The Clinician-Company Dimension
The clinician-company dimension is defined by the identity of the
party that develops a cellular therapy and takes it to clinical trial
(ClinicalTrials.gov).

The Company-Led Model
Most companies have adopted a route to market for their prod-
uct based on the practices of the biopharmaceutical industry [7].
The biopharmaceutical industry in turn is heavily dependent on
the production practices that pharmaceutical companies use to
produce lowmolecular mass drugs. The successful production of
biopharmaceuticals required considerable innovation of tech-
nologies of production, purification, and storage, innovation that
is essential to bring the larger, less stable biopharmaceuticals to
market. By analogy cellular therapy products have required sub-
stantial innovation associated, with the even more demanding
challenges of delivering living cells to the patient reproducibly
and safely [10]. In both cases innovation has been intense, but
the overall shape of the production and distribution process is
unchanged.

This unchanging shape is illustrated in Figure 1. The chal-
lenges facing the production chain of cellular therapies delivered
in this way are the same as those of both pharmaceutical and
biopharmaceutical production: cost of goods, scale-up, purity,
shelf life, and route of administration [11]. In the company-led
model clinicians are of course deeply involved in identifying clin-
ical need and in the research that may lead to a product, but if a
cellular product is developed using the biopharmaceutical
model, then they have no major involvement in the technical
aspects of the development and design of the production chain
and their role in delivering a therapy is to collaborate in admin-
istering the product [10].

The Clinician-Led Model
Some clinicians have been very quick to see the benefit to pa-
tients offered by cellular therapies (for example, autologous
chondrocyte implantation [ACI] [12], autologous limbal stem cell
transplantation [3, 13], and allogeneic islet transplantation [14]).
This has led them to develop their own therapeutic approaches,
often in collaboration with basic scientists [15]. These ap-
proaches are usually highly innovative, but they are conservative
in their approach to risk and in requiring minimal changes to the
clinical context of existing treatment. There is often a pattern of
serial innovation in a single institution that remains an island of
potentially transformative therapy unconnected to themainland
of routine clinical practice. An example of this is the application
of cultured epidermal stem cells by Pellegrini and others (Univer-
sity of Modena and Reggio Emilia) to treat a range of indications
[16–18].

Bone marrow transplantation is a historical example of a cli-
nician-led cellular therapy pioneered by Thomas in a single insti-
tution [19]. After 15 years of work with patients with advanced
disease, Thomas, in the late 1970s, first used transplants for leu-
kemia in first remission. Eight of these first 19 patients were still
alive 20 years later [19]. In those intervening 20 years transplan-
tation became a widely adopted therapy for bone marrow can-
cers. Bone marrow transplantation was developed and adopted
by clinicians entirely within the context of clinical care. It gener-
ated and stimulated the provision of new technologies into hos-
pitals, for example, fluorescence-activated cell sorting and clean
room facilities for cellular processing. Cellular processing exper-
tise developed in hospitals for bone marrow transplantation has
facilitated the development of other novel cellular therapies in a
clinical context (for example, mesenchymal stem cell therapies
[20] and limbal stem cell transplantation [3]).

Table 1. Trial database: samples and exclusions

Sampling methodology Number of trials

Total number of stem cell trials in
database (ClinicalTrials.gov) as of
March 3, 2011

3,112

Number of clinical trials sampled 600
Number of clinical trials in this sample
excluding hematopoietic stem cell
transplantation for common blood
cancers and immunodeficiency,
mesenchymal stem cell trials, and
gene therapies delivered using cells

75 (12.5% of trials sampled)

Estimated number of clinical trials in
database (ClinicalTrials.gov) with
the above exclusion criteria (12.5%
of 3,112)

389
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Bonemarrow transplantation also illustrates the importance
of clinical champions and clinical networks. The adoption by and
promotion of a novel therapy through professional networks by
clinicians leading their fields has always been a very important
element of therapeutic innovation.

The Clinician-Company Dimension and the Regulatory
Environment
Until recently one advantage for clinicians in conceiving and im-
plementing cellular therapies has been the relative ease with
whichmotivated clinicians could fulfill the ethical and regulatory
requirements surrounding these novel therapies. In contrast
companies have necessarily had to traverse amore complex reg-
ulatory route to justify the use of cellular products in patients.
Now the hand of the regulators has reached into the clinic, and
the current regulatory requirements have placed a high andwide
barrier in front of clinician-led innovation [21]. These regulatory
changes have caused a good deal of consternation but in fact
have stimulated some hospitals to develop the expertise and
facilities necessary for compliance with the regulations sur-
rounding cellular therapies. The development of regulatory
knowhow now means that these hospitals are likely to be much
better placed to develop in-house cellular therapieswith demon-
strable safety and efficacy on a par with company products.

The Autologous-Allogeneic Dimension
Autologous therapies involve taking cells from the patient and
offering them as a therapy to the same patient. Allogeneic ther-

apies take cells fromadonor andoffer themas a therapy tomany
different patients.

Allogeneic Therapies
The majority of newly proposed allogeneic cellular therapies are
based on the premise of one donor and many recipients. They
fit well with the biopharmaceutical model, as they require
manufacturing at a large scale, some inevitable downstreampro-
cessing, and close attention to storage and administration.

Large-scale manufacturing is dictated by the economies of
scale required to deliver an acceptable cost of goods [11]. It is
estimated that production costs for an allogeneic cell therapy are
as high as $20,000 per dose (based ondata for insulin-dependent
diabetes [22] and a cost of $20 per million cells [23]) before any
product development is completed; extensive process develop-
ment and scale-up, although costly, may ultimately drive costs
down to $250 per dose [24].

The attendant need for substantial amplification of cell mass
in its turn dictates a highly proliferate stem cell origin for the
product. The extent of downstream processing to differentiate
and purify the therapeutic product can be substantial.

Two major challenges for allogeneic therapies are high cost
of goods and safety. Evenwith substantial scale-up, the complex-
ities of cellularmanufacturing set a limit to reductions in cost per
unit volume, not least because cellular manufacture remains
very labor intensive [25]. The labor intensity of cellular manufac-
ture also increases the chance of human error leading to product
variability and potential safety concerns. Improvements in both

Table 2.Worked examples of estimating time to market approval and widespread adoption

Company and
product Phase Justification

Dendreon, Provenge Preclinical Company was founded in 1992
Clinical Phase II commenced in 2001a

Estimate that phase I began 2–3 years earlier
Market approval FDA license granted in 2010b

Widespread adoption �2020
U.S. prevalence is approximately 50,000 per year,b 2010
Estimated 2,000 patients treated in 2011b

3� manufacturing capacityb

Estimated 6,000 patients treated
Assumptions: Manufacturing capacity will triple every 2 years; EMA approval is granted in 2015

Genzyme Preclinical Assumed to be pre-1990c

Clinical Assumed to be 1990–1995
Market approval Approval as a device in 1995

FDA approval in 1997d

Widespread adoption Market plateau �2015
Number of knee replacements in U.S. is �200,000 per yeare

From 1995 to 1998, 2,117 patients were treated
In 1998, 400 patients were treated, and growth has been �12% per year
Continued growth would mean in 2015 almost 3,000 patients are treated, 1.5% market capture

Geron, OPC1 Preclinical First publication in 1999f

Assume work commenced 2 years earlier, 1997
Clinical Phase I clinical trial began in 2010a

Market approval Assume clinical trials will take twice as long (based on Dendreon and Tigenix data); therefore,
clinical trial length will be �16 years

Widespread adoption 4 million sufferers in E.U. and U.S. per yearf

Market adoption will be rapid as product is readily available and the unmet medical need is high
Estimate 4 years

aClinicalTrials.gov (http://www.clinicaltrials.gov).
bDendreon (http://www.dendreon.com).
cGenzyme (http://www.genzyme.com).
dFDA (http://www.fda.gov).
eCourse notes for BI108 Biomed at Brown University (http://biomed.brown.edu/Courses/BI108/BI108_1999_Groups/Cartilage_Team/matt/
Carticel1.html).
fWeb of Science (http://www.isiknowledge.com).
Abbreviations: EMA, European Medicines Agency; FDA, U.S. Food and Drug Administration.
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cost and product variability may eventually be achieved through
automation [26] or the use of large-scale suspension culture
[27]. In addition to the usual safety concerns that apply to all
cellular therapies, for the subclass of cellular therapies derived
from pluripotent cells, a nagging safety concern will always re-
main the presence of small numbers of undifferentiated pluripo-
tent cells in the final product. These concerns lead to substantial
delays in the approval of a clinical trial for spinal cord injury [28]
andmarkedly increase the contribution of risk to the risk-benefit
ratio. It is for these reasons that current trials of embryonic stem
cell-based cellular therapies have fierce exclusion criteria for re-
cruitment into trials to minimize risk and in the hope of demon-
strating maximal benefit [29, 30].

The grand challenge for allogeneic therapies is tissue incom-
patibility. Cells derived from a single individual and administered
to others will likely cause a tissue rejection syndrome [31, 32]
except in relatively immunoprivileged regions such as the central
nervous system (which includes the retina) [33]. Overcoming re-
jection using long-term immunosuppression carries a substantial
risk of morbidity and mortality from infection and oncogenesis.

Autologous Therapies
Although autologous cellular therapies are more newly arrived,
there is a close analogy with bone marrow transplantation. The
analogy lies in the matching of one donor with one patient, the
therapy consisting in the removal of cells, their manipulation,
and their return to the patient.

For the vast majority of indications [22], amplification of the
donor cells may take place in autologous cellular therapies, but
scale-up is modest as only small amounts of product are needed
for the single recipient (Fig. 2). This minimizes the number of cell
divisions required to generate the therapeutic product, an ap-
proach inherently safer from the point of view of teratogenesis
[34]. Processed tissue is genetically identical to the recipient; no
immunosuppression is necessary [5].

The smaller scale of production needed for autologous ther-
apies offers alternative manufacturing and distribution ap-
proaches to the biopharmaceutical model [10]. Cost of goods
remains an essential element in designing an autologous cellular
therapy, but these cannot be reduced through large-scale man-
ufacture. One way to reduce costs in an autologous therapy pro-
gram is to have a central processing hub that deals with many
individual samples that are shipped from and to the patient. The
savings are likely to be largely in capital costs and regulatory
compliance rather than in the recurrent consumable and labor

costs associated with each individual procedure. Unit costs can
be reduced in other ways perhaps, for example, by developing
small, closed system—automated cellular processing ma-
chines—close to the patient [35]. Or again, existing hospital bio-
manufacturing facilities and staff, present in most tertiary care
centers, can be made available.

It is not yet clear which of these approaches will be most
suitable; indeed, different approachesmay suit different disease
indications, depending on the prevalence of the disease and the
complexity of processing and subsequent administration. The
production, facilities, logistics, personnel, storage, and adminis-
tration requirements may differ substantially for different indi-
cations.

Mapping Indications to This Dimension
Autologous therapies have not been attractive to companies,
especially large companies, perhaps because the lack of clear
economies of scalemakes them an unattractive investment [36].
This is illustrated in comments to the U.K. Parliamentary Science
and Technology Committee by Prof. Christopher Mason: “The
other thing, I think, asMartin Evans, again, correctly identified, is
that autologous cell therapies may not be that attractive to big
pharma; in fact, Ruth McKernan at Pfizer has said that they
would only look at allogeneics, for example universal cell thera-
pies, for scalability issues” [37].

Autologous therapies have, however, been taken up by clini-
cians, perhaps partly because, in the absence of company inter-
est, there is an unmet need. The need for initial patient biopsy
and a second subsequent restorative procedure must also be a
factor. A consequence of the sole participation of clinicians in
autologous cellular therapies is, in general, the smaller scale of
studies. This is undoubtedly because of the not insubstantial but
nonetheless limited financial resources available to individual
clinicians. For themoment, the development of autologous ther-
apies is for rarer indications or for small trials on patients with
more prevalent indications.

The inherently lower risks of autologous cellular therapies
much improve the risk-benefit ratio to the extent that it is trials
of autologous therapies that predominate. There are also sub-
stantial numbers of allogeneic therapy-based trials [38], but
these involve mesenchymal stem cells, cells that themselves
have immunomodulatory properties that tend to reduce or elim-
inate allotype-related inflammation and that persist in the recip-
ient for only short periods of time. By comparison, there are so
far only two approved trials based on pluripotent stem cells [39].

Figure 1. Schematic representing biopharmaceutical production (A) and allogeneic cell therapy production (B).
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The risk-benefit equation for allogeneic therapies points to their
use, at least initially, only for indications that carry a high cost of
care and are life-threatening or severely debilitating. A major
health care challenge is of course the much more prevalent but
less severe indications that make up the bulk of degenerative
disease.

The Procedure-Product Dimension
We postulate that a therapy is primarily a product when it is
produced in a form that can be administered in a straightforward
way to the patient, perhaps by a nurse. A therapy is primarily a
procedure when, although involving a cellular product, it re-
quires a complex clinical intervention performed by a clinician in
an operating theater.

Therapeutic Products
Classical pharmaceutical products are designed to be easy to
administer [40]. The oral route overwhelmingly predominates.
This route no longer meets all clinical need: the biopharmaceu-
tical industry’s biological products cannot be administered by
the same route, as they are susceptible to parenteral degra-
dation. Biopharmaceutical therapeutics must be administered
by subcutaneous, intramuscular, or intravenous injection (eryth-
ropoietin is administered subcutaneously or intravenously [41]
and interferons are administered either by intravenous or intra-
muscular injection [42]). Cellular therapeutic products can in-
volve even more complex routes of administration [43], for ex-
ample, stereotactic introduction of cells into the brain (Clinical
Trial NCT01151124, ClinicalTrials.gov), intravenous catheteriza-
tion of the heart (Clinical Trial NCT00747708, ClinicalTrials.gov),
and portal vein administration of islets [44]. The more complex
the procedure, the greater the clinical procedural risk.

The complexity of the administrative route for therapeutic
product determines the amount of time and effort needed from
the clinician to administer the product. The cost of the procedure
must be added to the cost of the product to determine the over-
all therapeutic cost to the health care provider even if, as with
manymedical devices, the procedure and the product are coded
separately by health care procurers [45].

Therapeutic Procedures
The more invasive the therapeutic procedure, the costlier and
riskier it becomes. Riskier because the more extensively the
body’s barriers against infection and insult are breached, the
likelier it is that harm will be done; costlier because of the com-
plexity of the clinical environment in terms of skills and sterility
required to mitigate these risks increases. This cost-benefit

equation applies to biopharmaceutical products; for example, a
biopharmaceutical that is suited to intramuscular injection can
be self-administered, whereas a biopharmaceutical suited only
to intravenous injection always requires a degree of clinical su-
pervision. The cost-benefit equation for cellular therapies offers
even greater challenges given the requirement formore invasive
and often multiple interventions.

Therapeutic procedures are themselves tightly regulated. Al-
tered or entirely novel procedures carry substantial costs of test-
ing and training to ensure safety under good clinical practice
(GCP) [46]. So, to the costs of the procedures themselvesmust be
added any development costs for new procedures if they are
required to administer new cellular therapies.

Therapeutic Adoption
Adoption costs for any new therapy are large. Achieving the
adoption of orally administered drugs can cost pharmaceutical
companies many millions from their sales and marketing bud-
gets [47]. There are also adoption costs for health care providers,
but these are readily estimated as the difference in price be-
tween the new drug and the one it is supplanting. However,
therapeutic procedures are unchanged: the clinician substitutes
one drug for another on a prescription.

Adoption costs for cellular therapeutics may be similarly
large, but they are borne directly by the health care provider
rather than, in the case of the orally administered drug, through
the cost of the product, which of course includes the sales and
marketing costs incurred by the supplier. Although the adoption
costs to the health care provider can be readily monetized, they
will involve changes to health care practice far greater than sim-
ply prescribing a different drug. As is well known, changing
health care practices involves a great deal more than mere
money [48]. Adoption costs for cellular therapies can be mini-
mized only by minimizing changes to clinical practice.

Having developed a cost-effective cellular therapy that
can be adopted with minimal change to clinical practice, a
final hurdle to widespread adoption is procurement and reim-
bursement by health care providers. Price relative to existing
treatments is a key issue, but perhaps more significant is the
fact that procurement codes for cellular therapies do not ex-
ist. Obtaining an appropriate procurement code requires de-
tailed discussion with health care providers, in many cases at
the regional level rather than the national level and some-
times with individual hospitals. These discussions are multi-
ple, complex, and time-consuming.

Figure 2. Schematic representing the differing scales and processing complexities of allogeneic cell therapies (A) and autologous cell
therapies (B).
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Clinicians Have Procedures and Companies Have
Products That May Disrupt the Clinical Care Pathway
In general, when clinicians lead or are very closely involved in
developing a novel cellular therapy, the therapy is developed
paying close attention to existing clinical procedures. This is the
case largely because the individual clinician does not have the
means to alter markedly either the procedure or the clinical
pathway.When companies develop novel cellular therapies they
pay close attention to manufacture but pay less attention to any
changes in clinical procedures or clinical pathways, ignoring the
fact that the customer is the health care provider and the end
user is the clinician. Conversely, clinicians rarely consider the
manufacturing challenges that arise from their potentially suc-
cessful cellular therapies. Both companies and clinicians are very
sensitive to clinical need, but each ignores a key component of
the procedure-product dimension. Ideally, if cellular therapies
are to be readily adopted, clinical procedures and cellular prod-
ucts should be brought much closer together. There is evidence
that some companies are considering means to deliver their cel-
lular product using a clinical procedure, as half of the cellular

products in company trials involve a clinical procedure. Nonethe-
less it remains a challenge to adapt these new procedures to the
clinical pathway of treatment. Time to market for cellular thera-
pies should be reduced markedly if clinicians think more about
manufacturing anddistribution and companies thinkmore about
minimizing disruptions to existing clinical pathways. This is most
easily achieved if clinicians, health economists, and companies
are speaking to one another from a very early point in the devel-
opment of a cellular therapy [49].

Mapping Cell Therapies to the Three Dimensions
We have mapped a number of existing and potential cellular
therapies to our three dimensions. We have excluded cellular
therapies that involve genetic modification, as we believe these
should be considered separately. We have chosen these exam-
ples as a representative cross-section of therapies that are close
to the clinic.We have analyzedmesenchymal stem cell therapies
separately.Wehave used the criteria set out in theMaterials and
Methods section to determine their placement on each of the
three dimensions. This approach is illustrated in Figure 3. It is

Figure 3. Heuristic classification of a selection of cell therapies to the three dimensions. Therapies shown in red have received a market
authorization. Numbers in green are our estimate of all stemcell trials in the clinical trials database thatmet our criteria,mapped in proportion
to our sample of 75. Numbers in orange aremesenchymal stem cell clinical trials. Abbreviations: EMA, EuropeanMedicines Agency; FDA, U.S.
Food and Drug Administration; MRC, Medical Research Council; MSC, mesenchymal stem cell; NHS, National Health Service; NICE, National
Institute for Health and Clinical Excellence; Ph, phase.
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interesting to note that the three cellular products that have had
European Medicines Agency (EMA) or U.S. Food and Drug Ad-
ministration (FDA) approval as cellular therapies are autologous
therapies.

Perhaps not surprisingly, of the cellular therapies in develop-
ment identified from the clinical trials database there are two
prominent groups: clinician-led cellular therapies that focus on
procedures and are autologous (275) represent 63% of all clini-
cian-led trials, whereas company-led cellular therapies that are
product-focused and allogeneic [29] represent 44%of all compa-
ny-led trials. The analysis also shows that only 22 of 66 company-
led therapies are autologous (33%),whereas 333 of 437 clinician-
led trials (involving both procedures and products) are
autologous (76%). Overall, of the 503 trials sampled and esti-
mated, 437 are led by clinicians (87%) and 66 by companies
(13%), and 149 (30%) are products and 354 (70%) are procedures
(Table 3).

As well as sampling the clinical trials database, we have se-
lected additional trials that we analyze in more detail. Of the
clinician-led therapies, limbal stem cell therapies show very
promising initial trial results [3], cardiac mesenchymal stem cell
therapies show no signs of substantial clinical benefit [50, 51],
and therapies for cartilage and bone are well developed and
show modest clinical benefit [52, 53]. Of the company-led ther-
apies, Intercytex (Manchester, U.K., http://www.intercytex.
com) has already brought an allogeneic fibroblast-based therapy
to market (this product was originally not recognized by the
Medicines and Healthcare Products Regulatory Agency as a me-
dicinal product or device and was delivered under GCP; under
the new regulations it is now grandfathered until December
2012, when it will have to be licensed as an ATMP or under
hospital exemption) and is now in trials to improve healing in
patients with epidermolysis bullosa [54]. Reneuron (Surrey, U.K.,
http://www.reneuron.com) and Geron (Menlo Park, CA, http://
www.geron.com/) central nervous system and spinal injury
products are fetal and embryonic stem cell-based, respectively,
and are aimed at indications where existing treatment cost [55,
56] is higher. Perhaps more interesting than the identification of
two prominent categories (clinician-led autologous procedures
and company-led allogeneic products) is the observation from
our analysis above that some cellular therapy approaches fall
outside these two main groups.

Dendreon’s (Seattle,WA, http://www.dendreon.com) autol-
ogous dendritic cell therapy for prostate cancer is already on the
market in the U.S., pointing to the advantages offered by an
autologous cell therapy in the context of prostate cancer [57,
58]. Allogeneic islet transplantation is procedure-based and cli-
nician-led, reflecting the severity of its indication (severe hypo-
glycemic episodes in type 1 diabetes) and a consequent risk-
benefit analysis that justifies immunosuppression [58]. These

two are clear examples of the administration of cells that them-
selves have been shown not to be injurious in order to alleviate a
severe indication.

Where companies have developed cellular therapies that re-
quire complex procedures, our examples (Fig. 3) show that they
have worked closely with clinicians to develop appropriate pro-
tocols for the delivery of the cellular therapy to the site of action.
Tigenix’s (Leuven, Belgium, http://www.tigenix.com) autologous
chondrocyte therapy is the first licensed ATMP in Europe, its
safety in the context of tumorigenicity largely guaranteed by the
use of low passage number autologous cells. Geron and Reneu-
ron have also worked very closely with clinicians to develop
routes of administration of cellular products into the central ner-
vous system. These close collaborations between companies and
clinicians should do much to mitigate the risks associated with
the use of stem cell-derived products.

Mapping Market Approval and Widespread Adoption of
Cellular Therapies
We can use the three dimensions that we have defined to help
analyze projected times tomarket approval, defined as acquiring
regulatory approval from the EMA or the FDA, and widespread
adoption of cellular therapies. Figure 4 illustrates our estimates
of the time to market approval and widespread adoption for the
therapies shown in Figure 3.Wehavemade a number of assump-
tions that we set out in the legend to Figure 4. The three major
assumptions are that (a) the therapy will prove effective, (b)
adoptionwill bemore rapid for less prevalent orphan indications
for which there is by definition and no effective existing treat-
ment and for which there are regulatory and intellectual prop-
erty concessions, and (c) clinical trials authorized under ATMP
regulations are likely to take twice as long to complete as con-
ventional clinical trials. This last assumption is based on the his-
torical experience of the Tigenix and Dendreon phase III trials,
which were 6–7 years in duration with a further 2 years for mar-
ket approval, and on projected trial duration given on ClinicalTri-
als.gov from a sample of six current trials. Two other factors that
contribute to the length of cellular therapy trials are time to clear
clinical end point (Tigenix) and slow rates of enrolment of pa-
tients in to trials due to strict exclusion criteria.

We predict that widespread adoption of company-led autol-
ogous therapies will be constrained by the need to convince in-
dividual clinicians and procurement agencies of the value of the
therapy particularly in the diverse European health care market.
The major factor in time to market approval and widespread
adoption of company-led allogeneic embryonic stem cell thera-
pies will be the length of clinical trials. Because we estimate that
market approval for these therapies will not be gained until 2025
at the earliest, it is difficult to predict how long it will take to
achieve widespread adoption for these therapies; it is possible

Table 3. Proportion of trials analyzed using the three axes

Dimensions Procedure Product Subtotal Total

Clinician-led
Autologous 275 (63%) 58 (13%) 333 (76%) 437 (87%)
Allogeneic 44 (10%) 60 (14%) 104 (24%)

Company-led
Autologous 20 (30%) 2 (3%) 22 (33%) 66 (13%)
Allogeneic 15 (23%) 29 (44%) 44 (67%)

All
Autologous 295 (59%) 60 (12%) 355 (71%) 503 (100%)
Allogeneic 59 (12%) 89 (17%) 148 (29%)
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that if attention is paid during the trials to clinicians and procur-
ers, then adoption may be relatively rapid.

Clinician-led therapies fall into two classes: those where a
degree of clinical adoption already exists and those where regu-
lator-approved trials will be carried out under more recently
arrived regulatory constraints. Take the example of ACI, a ther-
apy developed in a commercial context by Genzyme (Cambridge,
MA, http://www.genzyme.com) with approximately 20,000 pa-
tients treated across the U.S. since approval in 1997. Since 1997
and quite independently, more than 400 patients have received
this treatment in a routine setting in a single U.K. hospital. A
multicenter trial is now under way (ACTIVE Trial, http://www.
active-trial.org.uk) to compare ACI with existing best practice to
provide evidence that may convince health care providers to
adopt it more widely as a therapy. Again, clinician-led allogeneic
islet transplantation is approved as a therapy by the U.K.’s Na-
tional Commissioning group (National Institute for Health and
Clinical Excellence, http://www.nice.org.uk/IPG274); this pro-
gramaims to provide national coverage by 2015. These therapies
follow the historical pattern of steady adoption into health care;
however, there is a question mark: it seems likely that one or
both of these therapies may be classified as using an advanced
therapeutic medicinal product. If this is the case it is unclear
whether the existing demonstrations of safety and efficacy will

satisfy the regulatory authorities, as the data were collected
without a clinical trial authorization.

Clinician-led therapies now entering clinical trials with clini-
cal trials authorizations will not follow this traditional route. A
survey of 150 clinical trials on the ClinicalTrials.gov Web site
(search criterion: “stem cell”) showed that 53% of clinician-led
registered trials were multiphase (phase I/II or phase II/III),
whereas only 12% of company-led cell therapies fell into this
criterion. We predict that this is the case because safety and
efficacy have already been demonstrated in a clinical nontrial
setting and that the overall time in trial will be shorter than for
company-led cellular therapies that will individual phase I, phase
II, and phase III trials. The time to adoption after market autho-
rization for this class of cellular therapies will vary depending
upon the prevalence of the indication. For example, limbal stem
cell treatment for limbal stem cell deficiency should show rela-
tively rapid adoption, as only two or three treatment centers will
be required for the 200 or so cases annually in the U.K. In con-
trast, mesenchymal stem cell autologous therapy for orthopedic
applications will take much longer in large part because of the
prevalence of the indication, but also perhaps because it may
take longer to reach an end point that demonstrates its efficacy
relative to existing treatment.

Figure 4. Time lines of the development of the cellular therapies illustrated in Figure 3, with predictions beyond 2010. Three phases are
shown: preclinical development (red), the clinical trials phase (green), and the time to market adoption (purple). Events before the end
of 2010 are taken from information in the public domain. We have made the following assumptions in arriving at our estimates beyond
2010: (a) the cell therapy is safe and effective in clinical trials; (b) adoption will be more rapid and for longer periods of time for orphan
indications as there is no existing treatment, they are fast tracked by the regulators, and they have extended intellectual property
protection; (c) where not complete, clinical trials are estimated to take twice as long as those documented by the pharmaceutical
industry [59]; (d) cellular therapies will first be taken through either the U.S. Food and Drug Administration or the European Medicines
Agency, not both simultaneously, and the granting of a license (advanced therapeutic medicinal product or human cells, tissues, and
cellular and tissue-based products) by one regulator will be followed 3 years later by the other; and (e) widespread adoption does not,
in all cases, represent full market coverage; it is perhaps best defined as the market plateau. In estimating time to widespread adoption,
we have considered the following factors: (a) market size; (b) clinical complexity; (c) substantial benefit relative to existing treatments;
(d) competing cellular therapies; (e) supply; and (f) cost of goods. As an illustration, three worked examples are shown in Table 2.
Abbreviations: hESC, human embryonic stem cell; MSC, mesenchymal stem cell.
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CONCLUSION
Our analysis shows that clinicians work predominantly with au-
tologous therapies that involve procedures and that companies
work predominantly with allogeneic therapies, the majority of
these involving products not procedures. Our broad analysis sug-
gests that collaboration between companies and clinicians can
reduce overall costs. This allows close attention to the patient
pathway, reduces time to market by ensuring straightforward
adoption into clinical practice, and improves the benefit to risk
ratio either by identifying severe indications for which higher
risks are acceptable or working to develop strategies to reduce
postadministration risk, for example, by ablation of the trans-
planted cells.

Company push in developing cost-effective cellular therapies
that attract reimbursement is only one of the forces favoring
widespread adoption. It may prove that themost important con-
sequence of close collaboration between companies and clini-
cians is a network effect. Well-regarded practitioners can act as

national and international clinical champions for novel thera-
pies, pulling new treatments into the clinic.
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