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encouraging their involvement.

In these early days, regenerative medicine based
on human cells is being carried along by the
excitement of what it may be able to achieve in
terms of enhancing human health. However, to
work through the expensive phase of clinical tri-
aling, particularly of the more sophisticated
approaches, will take major investments and
need more than claims about the exciting pros-
pects. This is particularly so since, as Gary Pis-
ano noted, “despite the commercial success of
companies such as Amgen (Thousand Oaks, CA,
USA) and Genentech (South San Francisco, CA,
USA) and the stunning growth in revenues for
the industry as a whole, most biotechnology
firms earn no profit” [13. Governments too will
want to see real evidence of the value from their
investments. There will of course be niche appli-
cations of lower cost with easier progress but if
human cell-based technology is to become the
third arm of medicine along with small mole-
cules and macromolecules, such as recombinant
proteins, it will need to address some of the big
remaining health issues that are currently poorly
served, and do so affordably. Here we address
two issues, first, exploring the direct and indirect
costs of five major medical conditions that cell-
based therapies show promise in addressing. Sec-
ond, we turn to the indices of cost—effectiveness

Although the therapeutic promise of regenerative medicine is immensely exciting, the cost
of product development, and particularly of clinical trials, for the more demanding
applications will be high. For this reason it is vital for scientists and start-ups who wish to
see their ideas implemented to be able to convince established major pharmaceutical or
device companies with the necessary ‘deep pockets’ that the expenditure can yield an
appropriate return. It also means that governments and health insurance companies must
see a gain in funding regenerative medicine for patients. To address this issue the costs of
five major medical conditions that could benefit from regenerative medicine have been
defined for the USA as an illustration. This choice of country was made as potentially the
largest initial market and one where the billing system for healthcare allows access to
individual direct and some indirect costs. The data are complemented by a number of
relevant examples of costs per quality-adjusted life year to indicate where current
treatment methods are weak or strong. Finally, the relationship of the nascent regen*
industry to the pharma and medical device sectors is summarized to assess the challenge of

of present treatments. These give a pointer to
where those approaches are poor and where they
are relatively successful so that alternatives will
be harder to establish, even if they have advan-
tages. Crucially, the analysis indicates not only
that there are good cost arguments but also that
the likely medical targets are of immense impor-
tance in reducing the burden of disease. This is
especially so for the degenerative and chronic
conditions, which are set to be a major challenge
as life expectancy increases and there is a larger
proportion of older people in the population.
We have suggested that by way of a brief defi-
nition, the field can be defined as “regenerative
medicine replaces or regenerates human cells, tis-
sue or organs, to restore or establish normal
function [31.” The cases where such medicine
may have a large impact relatively soon are prob-
ably small in number but are of major signifi-
cance. In Table 1, we note five of the major
indications: heart failure, insulin-dependent dia-
betes, stroke, Parkinson’s disease and spinal cord
injury. Owing to the magnitude of the health-
care importance, Table 1 also includes Alzheimer’s
disease and renal disease. Alzheimer’s disease is
not included in the five because it remains
uncertain whether a cellular therapy will be
effective given that the primary cause is still

*We have suggested that “regen” abbreviates the industry that develops and sells regenerative medicine

products [2].
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uncertain [4). There are, however, tentative indi-
cations of promise in animal models [5,6]. Renal
disease will also be much harder to address if the
complex architecture of the kidney has to be
constructed but if cell-based methods are appli-
cable this would also be a potential target in
future [77. We have used US NIH data in Table 1
as an acknowledged “gold standard” because it is
coherent for a large population with a good
spread of ethnic groups [101]. Because of the US
system of billing for healthcare, there is informa-
tion on both direct and some indirect costs. Kir-
schtein and her colleagues give a detailed
account of the great difficulty in collecting such
data and the report is an essential source on this
issue. It means that although broad conclusions
can be drawn it is not possible to make fine
comparisons between disease classes. The
description given by Kirschtein et al. of direct
costs has been used: “those connected with the
use of medical care in prevention, diagnosis and
treatment of disease and in the continuing care,
rehabilitation or terminal care of patients[i01].
Similarly, indirect costs have been taken to
“measure the value of the time patients lost from
employment or other productive activity due to
mortality or morbidity.” However, there are two
other categories noted that are poorly docu-
mented but critical in assessing the importance
of regenerative medicine. The first is “other
related direct costs.” These are costs “borne by
the patients or other people but are not included
on the National Health Expenditure Plan”. Sim-
ilarly, there are “other related indirect costs”
which “include the value ascribed to time lost
from work, housekeeping etc. by family mem-
bers or friends who transport, visit or care for
patients”. There are more recent data than Kir-
schstein et al., which are now in some cases over
10 years old 101]. A small part of it is from spe-
cial interest organizations and we make use of it
in order to give more up-to-date estimates of
expenditure and to draw out some important
details. The NIH data are in standard type in
Table 1. We have left the order as in the NIH
original summary table but emboldened the val-
ues for the diseases likely to be addressable by
regenerative medicine reasonably early.

Plainly, coronary heart disease is an excep-
tional challenge, matched only by cancer.
Although the total cost of coronary heart disease
is very large, the targets for stem cell therapy are
probably limited in the shorter term to condi-
tions such as heart failure secondary to heart
attack (Table 1).

Regen. Med. (2008) 3(3)

The NIH data record diabetes as a whole but
it is insulin-dependent diabetes that is most
likely to be addressable by cell-based methods.
This category includes juvenile diabetes, latent
autoimmune diabetes and those who progress to
a need for insulin. We use a figure of 28% of
diabetics requiring insulin with or without
other drugs from the National Diabetes Fact
Sheet [102].

For stroke the American Heart Association
also provides more up-to-date information on
costs where the percentage of the total costs rep-
resented by the indirect element is 33%, which
closely parallels 35% for NIH. The NIH pro-
vides only a direct cost for late-stage renal dis-
ease (US$15.6 billion). The US Renal Data
System reported the direct 2004 cost of end-
stage renal disease as $32.5 billion in public and
private spending (Table 1) [103]. There appear to
be no recent US data on indirect costs. However,
a Swedish study suggests they are likely to be
42% of the total and this figure has been
adopted (see Table 1 footnote).

NIH data for Parkinson’s disease are particu-
larly old. A recent assessment of US Parkinson’s
disease national costs by Huse and colleagues cal-
culated a total cost of $23 billion derived from
direct and indirect costs (Table 1) [8]. The direct
costs here also have a significant component of
‘uncompensated care’.

Spinal cord injury is not addressed in the NIH
data, even in the more detailed version. The
number of people involved is smaller, approxi-
mately 250,000 in the USA at the present time.
The National Spinal Cord Injury Statistical Cen-
tre at Birmingham, AL, USA, publishes detailed
cost data and we have used these [9].

The diseases and their costs have been repre-
sented as distinct but, of course, there are strong
interactions between, for example, heart disease
and diabetes. With older people there will be
increasing numbers of comorbidities so that the
actual situation can be quite complex. From
Table 1 it is possible to calculate costs per patient
but with differences in the year of data collec-
tion, the variable coverage of indirect costs and
disease overlap, the cost data can only give broad
indications. For example, the cost per patient
for heart failure, which can be derived, is an
order of magnitude smaller than that for end-
stage renal failure. This evidently reflects the
fact that the treatment of heart failure by medi-
cines now mostly utilizes drugs that are relatively
low in cost. End-stage renal failure, on the other
hand, is treated by expensive dialysis procedures
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augmented with erythropoietin therapy. The
substantial costs for Parkinson’s disease relate to
the high dependence of these patients in the later
stages and severe cases of spinal-cord injury will
have a similar need. The cost per patient is a use-
ful figure in that with rarer diseases, where the
national cost may look small, the individual
patient cost can represent a severe burden on
both the local healthcare system and the patient’s
family. With orphan drug status (in US regula-
tory terms, a disease affecting less than 200,000
patients or of a prevalence of less than five per
10,000) a treatment can also represent a viable
commercial proposition.

The lack of data on “other related direct costs”
and “other related indirect costs” is a serious
impediment to new treatments, such as regener-
ative medicine, which may have a large initial
cost but a small ongoing expenditure burden ver-
sus cheaper procedures that leave a large residual
ongoing cost. Even when such costs are reported
they often represent only those items that can be
obtained from official statistics to do with
employment and not voluntary help by carers,
nongovernmental welfare agencies and transport
costs borne by patients and relatives. Although
data are lacking on the value of contributions by
voluntary caregivers for each individual medical
condition, it has been estimated that in the USA
this amounts to approximately $350 billion in
2006 [104]. This is broadly consistent with the
UK figure of $174 billion in 2007 [105). One
other limitation of costs provided here, which
are related to a recent period of time, is that they
do not give insight into future trends. In addi-
tion to a growth of population of approximately
10% per decade, the USA, in common with
many countries, is experiencing a period of rap-
idly increasing old-age dependency. The number
of those aged over 65 years of age will rise by
35% in the next decade in the USA and this will
lead later to large increases in the very old age
group. Studies of the diseases of this older age
group all note the fast growth there will be in
patient numbers and a need for better treat-
ments. In addition, obesity, which has reached
epidemic proportions, has an adverse effect on
the majority of diseases being considered. At
present it affects 23% of US citizens and is rising.
Taken together these factors pose a major new
challenge shared by much of the world. The prob-
lem will be made more severe by the less generous
pension schemes that are occurring as a conse-
quence of more old people than the working
population can readily support. In this situation a

Regen. Med. (2008) 3(3)

therapy that could regenerate tissues rather than
just ameliorate symptoms would be invaluable so
that older people could be less dependent. In the
future the availability of unpaid carers is likely to
fall as women increasingly maintain careers
through life and the generations of families
become geographically separated. That will
make managing chronic diseases much harder.

As has been noted recently [10], increases in
life expectancy are not being matched by an
extension of health so that as things stand people
will spend an increasing number of years in poor
health and with chronic diseases. Unless the epi-
demic of obesity is addressed many people will
enter this unpleasant phase at an even earlier
age. Molecular medicines have converted condi-
tions causing death to chronic conditions, for
example heart attack to heart failure and some
stroke to vascular dementia and, without
change, many people will face the prospect of
other dementias before they die. Regenerative
medicine could address this potential crisis and
help to achieve the desirable goal of people expe-
riencing the minimum period of chronic disease
prior to death.

Current promise of regenerative
medicine as an incentive for
government & major
company investment
The costs in Table 1 have clear implications for
those such as governments, major healthcare
companies and start-ups in the field of regener-
ative medicine. They indicate that the potential
savings, if human cell-based therapies can
return people to health with respect to the par-
ticular condition, would have great value. We
describe early evidence that human cell-based
therapy using two kinds of cells shows promise.
The first relates to material from donated
human tissue or cultured adult cells, the second
from pluripotent cells. The latter are currently
derived from embryos but recently it has been
demonstrated that specialized adult human cells
may be converted back to induced pluripotent
stem (iPS) cells, which may then form almost
any specialized cell type [11,12. Both groups of
authors note that there are a number of signifi-
cant obstacles to applying iPS cells clinically,
which relate to the reprogramming methods
used, but these are likely to be the subject of
intense research.

Although initial attempts at applying cell ther-
apy to heart failure have been equivocal, a part of
the problem seems to be due to the difficulty of
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selecting suitable patients, the mixture of bone
marrow-derived cells used, which are of varying
composition, and the difficult choice of appro-
priate clinical end points [13.14]. Studies of
human embryonic stem cell-derived cardiomyo-
cytes in rats have also shown promise in address-
ing heart failure [15]. Patches made of fibroblasts
in a matrix are being applied to the surface of
the heart and shown to promote growth of
small blood vessels [16] of the type damaged in
diabetes [106].

Juvenile diabetes, as its name implies, affects
young people and, with insulin-dependent
forms also affecting older age groups, current
treatments are unable to address fully the dam-
aging complications of the disease. It is already
clear that pancreatic islets from cadavers can
remove or reduce the need for injected insulin
[17], but this source is limited and the surgical
harvesting difficult. For example, the islet cells
decline in function very quickly after death of
potential donors. Now, B-islet-like cells derived
from embryonic sources are being examined in
animal models [18], together with an encapsu-
lated material to isolate them from the patient’s
immune system [107].

Stroke is the third leading cause of death and a
major cause of serious long-term disability in the
USA [108) and elsewhere. A Phase I/1l clinical
trial with bone marrow mononuclear cells has
been reported [19] and a Phase Il trial has been
conducted with human neuronal cells 20, which
showed measurable improvement in some
patients but also indicated a need for a larger
clinical study.

For Parkinson’s disease there is already evi-
dence that dopaminergic cells from aborted fetal
sources can improve symptoms and some 350
patients have been treated [21], but this source is
unsatisfactory and current results are erratic with
this heterogeneous material [221. More recently,
human retinal pigment epithelial cells, which are
also dopaminergic, have been expanded from
cadaveric human eye tissue and, on a gelatine
microcarrier, showed promise in early clinical tri-
als in treating Parkinson’s disease [23). They are
now in Phase I1b trials 109].

Spinal cord injuries tend to occur with acci-
dents in the relatively young (although the
median age has risen from 28 in the last century
to 38years now) and the present medical
options are limited. Research on spinal cord
injury in animals with adult stem cells has been
promising 241 and two Phase I clinical safety
studies have been successfully conducted [25,26].

www.futuremedicine.com

There are also encouraging data for human
embryonic-derived cells in animal models and
the source of the cells is less limited [27,110].

It is of equal importance to note which dis-
eases are not included in Table 1. Osteoarthritis is
a disabling disease involving irreversible joint
destruction, which is currently hard to treat.
When joint damage is severe and widespread the
degree of structural repair needed is beyond cell
therapy alone. It is also the case that in some
instances existing surgical procedures are very
effective. The artificial hip, for example, when
used in older patients, gives excellent results. In
young patients the situation is less satisfactory
due to lifestyle wear and tear, and here it may be
that a stem cell-based approach could provide a
regenerative solution [2s].

There is a growing re-emergence of interest in
live cells as cancer vaccines [29]; however, as yet
there is no anticipated stem cell-based regenera-
tive therapy for the vast majority of cancers,
although there are indications that these diseases
may have a strong stem cell relationship [30].
While not ‘regenerative’, human cell-based
adjunct therapies for cancer are important. For
example, Cellerant Therapeutics (San Carlos,
CA, USA) is examining infusion of myeloid pro-
genitors to reduce death from sepsis caused by
Aspergillus fumigatus following chemotherapy-
induced neutropenia [31].

The diseases addressed are by no means the
only serious and major ones that stem cell-based
approaches could address and for which there is
some preliminary indication of promise. For
example, the eye disease age-related macular
degeneration affects 1.75 million people in the
USA and the linkage to old age means that this
number is projected to increase to 2.95 million
by 2020 [32. There are now treatments for the
neovascular (‘wet’), but not the atrophic (‘dry’)
form. Because there has been a lack of potential
treatments by molecular medicine until recently
the assessment of impact has been on loss to
gross domestic product (GDP) via inability to
work or find suitable work. The total US loss to
GDP has been estimated as $24.4 billion p.a. [33].
Studies addressing this disease using regenerative
medicine are promising [34,111,112].

The costs in Table 1 provide some indication of
the current medical expenditures needed in the
USA and this will be the key initial market. The
figures indicate that if one excludes Alzheimer’s
disease and end-stage renal failure as lacking
enough early evidence and include just late-stage
Parkinson’s disease and new cases of spinal cord
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injury, with all heart failure, stroke and insulin-
dependent diabetes, the total maximum cost sav-
ing each year could currently be approximately
$250 billion. No therapies are likely to be suc-
cessful in all cases and older patients will have
comorbidities, but just in economic terms this
figure, which lacks sizable elements of indirect
cost, gives an indication of the current potential
of regenerative medicine. In terms of reducing
human suffering the impact would be immense
and in a number of the conditions even a modest
improvement as a first step would yield great
relief. These cost figures may be a rough guide to
the total cost for the EU. Although the popula-
tion of the EU is larger than in the USA, its over-
all medical expenditure per head is lower. In
addition, reservations about any stem cell-based
technology involving human embryos in some
EU countries is slowing progress. However, the
noticeable European public clamour by potential
patients for biopharmaceutical proteins initially
marketed in the USA is likely to be matched
once regenerative medicine begins to show
results. It is also the case that the USA has now
fallen in the global list of countries in terms of
life expectancy to 31st in the WHO 2005 figures
1131 and 45th in the US Central Intelligence
Agency (CIA) figures [114], with less affluent
groups unable to afford good healthcare. In this
situation demand may shift in future with West-
ern Europe (the EU is 27th in the CIA list)
becoming an important market owing to its
social policies. The actual positions in such
tables on life expectancy order have to be inter-
preted with care because a number of very small
affluent countries are included.

Developing countries are not an unimportant
target for stem cell therapy. For example, expend-
iture on advanced medicine in some Arab coun-
tries is very high and India, for example, faces an
exceptionally serious challenge in addressing dia-
betes. For this reason, once the safety and efficacy
of regenerative medicine is established there will
be large potential global markets even if the per-
centage of patients with a capacity to afford the
approach is proportionally smaller. It will also be
the case that such countries represent potential
lower-cost manufacturing sites as they move to
meet US FDA regulatory requirements, and the
same applies to clinical trials. Abegunde et al.
note that age standardized death rates for chronic
diseases are more than 50% higher in 15 low and
middle-income countries than in high-income
countries [35]. Although approaches such as
reduction in smoking are most critical, there will

Regen. Med. (2008) 3(3)

be a need for affordable regenerative medicine.
Greenwood et al. have analyzed the potential of
regenerative medicine for the developing world
136]. While the diseases identified above are cer-
tainly key ones there are others that are large,
especially globally, such as sickle cell disease and
B-thalassaemia, which may be amendable to
stem cell therapy. There are a number of clinical
reports of sickle cell patients successfully under-
going hemopoetic cell transplantation from
matched donors with few transplant-related
complications [377. However, when complica-
tions such as graft-versus-host disease do occur
it causes severe and potentially fatal complica-
tions. The cause is contamination with T cells.
A cell therapy free of T cells could therefore
potentially be used to treat these patients [115).
A number of special interest groups in differ-
ent US states have made analyses of the com-
mercial and other value of stem cell-based
medicines, for example the Kansas and Missouri
Coalitions for Life Saving Cures (see [116,117])
and most notably the Californian State Proposi-
tion 71 initiative, which has led to a $3 billion
commitment. A very detailed analysis for Cali-
fornia goes beyond the statement of present day
costs of key diseases to address spillover to other
diseases, additional employment, royalties from
a share in the outcome and additional biotech-
nology economic activity [ss). A subsequent
paper by Longaker et al., also on Proposition 71
and the resulting California Institute for Regen-
erative Medicine (CIRM), takes the analysis fur-
ther, discussing how it could affect initiatives in
related fields and considering the way in which
speed of implementation will affect the financial
return [39]. A detailed case study of juvenile-
onset diabetes mellitus is particularly instructive
in analyzing factors that will affect the success of
the outcome. These reports are a very stimulat-
ing source of ideas on how regenerative medi-
cine could have a broad gain to countries or
communities that are in the vanguard in its
development. As we noted earlier [2], uptake of
the Californian funds by companies will to a
degree depend on whether a future US adminis-
tration revokes the ban on federal funding for
the derivation of embryonic stem cell lines after
9 August 2001 and using any such cells wher-
ever derived. In this case NIH funding may be
more attractive financially for companies work-
ing with universities in not demanding a pay-
back. We also discussed the desirability of new
approaches to the development of high-risk
medicines [2]. It may be that governments and
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companies have to learn to share risks and
returns better. In this regard the challenges that
CIRM particularly faces will provide important
clues as to how this might be achieved. The
visionary action in California on stem cell fund-
ing has already encouraged other US States, such
as New Jersey and Massachusetts, to act and
should serve as notice to the governments of all
countries that, as in biopharmaceuticals, the
USA is likely to be a powerful force in the new
field. If other countries wish to share the gains in
early health advances and monetary rewards
they will need to be equally bold. It is tempting
to look at the total cost figures as the index of
importance of action and while there is broad
truth in this, as we noted, some conditions
deprive people of health very early and in a pro-
portion of these diseases the outcome is espe-
cially severe as well as costly for governments
and each individual. There is no easy way to bal-
ance these needs, although all health systems
must make some attempt. What is clear is that
regenerative medicine could be valuable for all
of them.

Regenerative medicine costs versus
existing treatments

To get a better idea of the relative value of alter-
native treatments it is common to use costs per
quality-adjusted life year (QALY) [40]. The
QALY is the arithmetic product of life expect-
ancy and a measure of the quality of the remain-
ing life years. The derivation of quality is
complex and the subject is one of intense debate
not least because they are used to judge where
scarce health resources should be put. Their
susceptibility to interpretation makes them
unsatisfactory for, say, comparing very similar
treatments for the same condition and, as with
total national treatment costs, obtaining consist-
ent and reasonably up-to-date information is dif-
ficult. Nevertheless, costs per QALY are useful in
broad brush terms in indicating where present
treatments are strong or weak (Table 2). For exam-
ple, the cost per QALY value for elective hip
replacement is low, and therefore favorable,
because this group is otherwise well and it is a
successful treatment for older people which
needs little further intervention at least for some
years. (To put this in perspective, 1 year of per-
fect health is often valued at $50,000 per year in
the USA, although as with other aspects of
QALYs the number is debated.) By contrast,
costs for hemodialysis are high, although eryth-
ropoietin, added to address the anaemia second-
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ary to renal failure and enhance quality of life,
now has a lower cost per QALY [41]. The 1985
cost per QALY for pacemakers provides a cau-
tion on such data. It has been updated in stages
from a 1978 Masters Degree thesis (see [42]) and
so is 30 years old but is widely cited in the
absence of new studies in relation to atrioven-
tricular heart block. A cost per QALY for pace-
makers for the treatment of vasovagal syncope
(fainting) [43] gives a value of $8,600 though the
conditions are not comparable. Thus, costs per
QALYs must be used carefully and in context.

As yet, there are inherently very few costs per
QALYs in human cell-based therapies because it
takes time to establish enhanced life quality.
They are not yet addressing the major diseases
we chose as examples but autologous chondro-
cytes for sports injuries are a significant gain with
a modest QALY (see Table2) in cases of knee
damage versus conventional approaches [118]. A
gain in cost per QALY was also demonstrated
with Organogenesis’ (Canton, MA, USA) Apli-
graf® bio-engineered skin substitute and Rede-
kop etal. noted a reduction in risk of
amputation from 17.1 to 6.3% [44].

Plainly in a case such as cardiovascular disease,
any intervention is not a substitute for education
to stimulate preventative actions such as stop-
ping smoking (Table 2), lowering cholesterol levels
and reducing obesity by diet [45]. However, there
are many problem cases still to deal with and
cell-based methods could have a major impact.

There are some instances where regenerative
medicine could greatly change the course of
lives. In recent spinal cord injury, which is associ-
ated with relatively young people, regeneration
of a functional spinal cord could, in the absence
of other serious injury, lead to a normal life. The
same could be the case with juvenile diabetes and
other earlier-onset insulin-dependent diabetes
patients. In such cases, a high treatment cost by
regenerative medicine could still allow a moder-
ate cost per QALY. Parkinson’s disease, chronic
heart failure and stroke are mainly conditions of
elderly people such that because of natural bio-
logical aging, there is a finite limit to the poten-
tial life expectancy. Therefore, a high-cost
regenerative medicine intervention will inevita-
bly mean a higher cost per QALY in an older
patient compared with the same treatment in an
equivalent younger patient. Then, the relation-
ship to present cost of treatment per patient
(Tables 1 & 2) will be one issue. Even here, if regen-
erative medicine greatly reduces dependency, the
overall cost saving could be very considerable,
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Table 2. Costs per quality-adjusted life year for various interventions.

Cost per QALYP (US$) Publication date¢

Pacemaker implantation for atrioventricular heart block versus 2200 1985
no implantationd

Intervention versus comparator?

Counseling for cessation of smoking® 2600 1995
Total hip replacement surgery versus no replacement in males aged 70-79 yearst 2900 2002
Autologous chondrocyte implantation versus no procedure in patients with 8800 1998
full-thickness cartilage lesions of the knee9

Coronary artery bypass graft surgery versus medical management in patients over 14,000 1998
80 years of age and good candidates for treatment”

Deep brain stimulation versus best management in Parkinson’s disease patients 59,000 2001
older than 50 years of age'

Heart transplantation program versus optimal conventional treatmenti 59,000 1993
Cadaveric renal transplantation with 2-year wait versus continued dialysis in 73,000 2003

nondiabetic patients who are stable on dialysis®
Hemodialysis for 5 years versus no treatment in patients with chronic 123,000 2002
renal disease'

Left ventricular assist device as a bridge to heart transplantation™ 140,000 2005

aThe terminology is that of the Cost Effectiveness Analysis Registry, Centre for Evaluation of Value and Risk in Health, Tufts — New England Medical
Centre [126].PThe costs are adjusted to 2007 US$. If the costing date is clear we use it in preference for the inflation calculation, which uses the US
Consumer Price Index as the most reliable inflator.6in a number of cases the source material is from a significantly earlier period.9Williams A:
Economics of coronary artery bypass grafting. Br. Med. J. (Clin. Res. Ed.) 291, 326-329 (1985) [42]..Cromwell J et al.: Cost—effectiveness of the
clinical practice recommendations in the AHCPR guideline for smoking cessation. J. Am. Med. Assoc. 278, 1759-1766 (1997) [55].f0’Shea K et al.:
Cost analysis of primary total hip replacement. Ir. Med. J. 95(6), 177-180 (2002) [56].9Minas T: Chondrocyte implantation in the repair of chondral
lesions of the knee: economics and quality of life. Am. J. Orthopedics 27, 739-744 (1998) [57]."Sollano JA et al.: Cost-effectiveness of coronary
artery bypass surgery in octogenarians. Ann. Surg. 228, 297-306 (1998) [58].. Tomaszewski KJ et al.: Deep brain stimulation in the treatment of
Parkinson's disease: a cost-effectiveness analysis. Neurology 57, 663-671 (2001) [59].lvan Hout B et al.: Heart transplantation in the Netherlands;
costs, effects and scenarios. J. Health Econ. 12, 73-93 (1993) [60].XJassal SV et al.: Kidney transplantation in the elderly: a decision analysis. J. Am.

Soc. Nephrol. 14, 187-96 (2003) [61].'Sennfait K et al.: Comparison of hemodyalysis and peritoneal dialysis — a cost-utility study. Dialysis
International 22, 39-47 (2002) [54].mClegg Al et al.: Clinical and cost-effectiveness of left ventricular assist devices as a bridge to heart
transplantation for people with end-stage heart failure: a systemic review and economic evaluation. Eur. Heart J. 27, 2929-2938 (2005) [62].
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especially in conditions such as severe stroke
where dependency is high. In the case of chronic
heart failure the current cost is lower but, with
angiotensin-converting  enzyme inhibitors,
B-blockers and spirolactone, survival and relief of
symptoms are poor [46]. The use of a left ven-
tricular assist device and a subsequent heart
transplant have high costs per QALY (Table 2) and
the availability of donor hearts is very limited.
Therefore, compared with this approach regen-
erative medicine should bear a relatively high
cost. In each of these instances it will be vital that
all the costs, direct and indirect, are included by
those who set reimbursement and related
allowed costs.

Coronary artery bypass graft (CABG) surgery
and peripheral vascular disease requiring revascu-
larization of limbs (Table 2) are conditions where
there are existing treatments. However, the use of
veins from elsewhere in the patient for CABG is
not ideal as they are not a true substitute for
arteries. Engineered artery in short sections has
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been used in arterio—venous shunts in the wrist
to allow repeated insert of dialysis lines [119]. Rel-
evant to such tubular constructs is the pioneer-
ing research 47, which has lead to a Phase 11 trial
of bladder augmentation using autologous cells
on a scaffold in patients suffering dysfunction
secondary to neurological complications [120].
The situation with renal transplantation is that
the supply of kidneys is severely limited. Some
16,905 kidney transplants were performed in the
USA in 2004 but 74,000 people awaited trans-
plants and many more were not even on the
waiting list. In the case of Parkinson’s disease the
options once drugs diminish in effectiveness are
limited, highly specialist and expensive (Table 2).
Costs per QALY are clear in their use when
the treatment named is a decisive one, as in hip
replacement or the implantation of a pacemaker
(Table 2). However, in the case of a disease such as
insulin-dependent diabetes, citing a cost per
QALY for insulin is less useful in analyzing the
overall impact of the condition because there are
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other costly complications and side effects. In
this respect, the direct and indirect costs of
Table 1 are a better guide to understanding what
cell-based therapies have the potential to achieve.

Backing regenerative

medicine businesses

What is notable is that in a business sense,
human cell-based technology may have more in
common with the device sector, whereas scientif-
ically and in bioprocessing terms it has a lot of
similarity to biopharmaceutical macromolecules.
One biopharmaceutical field more like human
cell therapy commercially is preventative vaccines
in that, except for influenza, they are mostly
given just once or a very few times during life.
That industry has suffered historically because
governments as the main purchasers have forced
prices down over time in spite of the huge health-
care gains vaccines provide. The current renais-
sance in the vaccine sector is due to a new
generation of patented vaccines that can resist
this pressure; however, the danger of pricing pres-
sures persists. The virtue of human cell-based
therapies versus preventative vaccines is that, as
with devices such as pacemakers, they are used
only when there is already a costly disease so their
price justification is more immediate. However,
in countries where people buy private healthcare
insurance annually, there is a problem shared by
vaccines and cell-based therapies. If the therapy
protects the patient for over a year the individuals
can move insurance company, taking their
enhanced health status with them to achieve a
better premium, while the company that has paid
for the treatment bears these initial costs, which
particularly for cell therapy, could be large.

The way in which regenerative medicine
based on human cells has characteristics of both
pharmaceutical and medical device industries is
interesting in terms of the large investments that
will be needed for clinical trials. In the early
stages of the field neither the Novartis's (Basel,
Switzerland) pharmaceutical link to Organogen-
esis nor that of Smith & Nephew (London, UK)
devices link to Advanced Tissue Sciences (La
Jolla, CA, USA) worked out and presumably in
part this was caused by the differences in culture
of both pharmaceutical and device corporations
versus human cell technology companies. Subse-
quently, in reinvented forms, both these regen
companies have gone forward and indeed
Organogenesis quickly became profitable. The
problem is that pharmaceutical companies have
often been focused on creating drugs for chronic
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conditions that have to be taken over long peri-
ods and are produced by conventional scale-up.
Device companies, on the other hand, are
mostly not familiar with the extreme complexity
of living cells. The boldness in regenerative med-
icine of Genzyme (Cambridge, MA, USA), an
established company albeit a biotech one, is per-
haps because the whole ethos of the company
has been innovatory and has embraced orphan
drugs, transgenic animal biopharmaceuticals
and a broad spectrum of radically new technolo-
gies. Genzyme’s Carticel® is an early example of
an effective human cell product, and its teething
troubles and the company’s persistence, espe-
cially when suffering shifts of government regu-
latory policy, are the pattern for pioneering
start-ups [4s].

The issue of the relationship of regen start-ups
to pharma, biotech and device companies is
important because, if biotechnology is a reasona-
ble index for regenerative medicine develop-
ment, few regenerative medicine start-ups will
become major players if they lack collaboration
with established companies. Those with niche
applications that demand only a relationship
with a few specialist clinicians may succeed
alone. However, for more complex clinical trials,
costs will be large for start ups to bear and, as we
noted [2], venture funds seek exit points in too
short a time frame to see these trials through if at
the point of investment the company is still try-
ing to establish the basic science. Hopefully, the
failure of a number of major chemical pharma-
ceutical companies to realize early the potential
of therapeutic proteins will make them more
inclined to patiently explore opportunities in
regenerative medicine. It is worth recalling that
at the time the sector was beginning the majority
of people in pharmaceutical companies believed
recombinant proteins, with their high produc-
tion costs and the need to inject them, could not
become a viable commercial proposition. Now,
25 years later, the sector has a global market of
$50 billion p.a. and is the fastest growing part of
the industry. Technologically, human cells are
more complex to process than proteins but they
are still susceptible to the economics achievable
with efficient bioprocessing 9. Their poten-
tially much superior therapeutic performance
should command commensurably high reim-
bursement costs or equivalent governmental
encouragement. For example, new thinking on
pay-for-performance could favor regenerative
medicine [s0]. These things said, the cultural
blocks in big corporation upper management are
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not to be underestimated and it is against this
background that start-ups will need to have
very firm evidence of the potential financial
gains of a new and alien therapeutic paradigm.
In terms of achieving attention, the approach
taken by Genentech in the 1980s is one option.
Their early target of an engineered human insu-
lin lay directly in the major existing business
area of Eli Lilly (Indianapolis, IN, USA) and
the latter licensed the technology. The alterna-
tive approach, demonstrated by Amgen, is to
define a key missing therapeutic material, in
their case erythropoietin, which opened a new
and major sector.

Kemp has commented from a position of
authority, as an early member of the Organogen-
esis team and now as Founder and Chief Scien-
tific Officer of Intercytex (Manchester, UK), on
the business model for regen [51]. He noted that
with early products, such as those for skin
lesions, a turnover of $30 million was enough
initially to sustain research and development.
However, he also acknowledged that more
sophisticated regen products will aim at much
more high-cost and high-return markets. These
will demand substantial investments in clinical
trials and the fact that Geron (Menlo Park, CA,
USA) committed $100 million in order to
acquire the data to file an IND with the FDA for
its lead spinal injury product is indicative of this
[110]. That figure suggests overall development
expenditure will be high even if it does not
match the levels of the molecular pharmaceuti-
cal sector, namely, up to $1 billion allowing for
failures. The necessary investment is only likely
if effective protection of the intellectual property
is achieved by patents and for data submitted in
relation to market authorization.

The public and private sector pioneers will go
forward fastest wherever they can see an early
route. This will not necessarily address first those
major targets we have used as exemplars but it
will create the scientific and commercial models
and insights for doing so. That means the back-
ers, whether government or major corporations,
which get involved early are likely to be the ones
that are positioned to gain as the major medical
conditions are addressed.

Not all of regenerative medicine will be
governed by such considerations. Patient inter-
est groups will on occasion be able to underpin
the development of orphan treatments,
although generating the patient numbers for tri-
als may be hard. For example the StemCells Inc.
(Palo Alto, CA, USA) Batten’s disease study
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took approximately 9 months to enroll the first
three patients in the trial [121]. Nevertheless, as
Genzyme’s experience with orphan drugs such as
for Gaucher’s disease show, working with patient
interest groups can be very productive. Equally,
treatments which are for conditions that are not
mainstream medical ones, such as baldness and
skin wrinkles, will go forward on a different
basis depending more on the number of people
with the capacity to pay out of their own pock-
ets. Similarly, it is possible for very wealthy indi-
viduals to take a medical field forward, as the
Bill and Melinda Gates Foundation is doing
with childhood vaccines, and for charismatic
individuals, such as the late Christopher Reeve,
to catalyze action. However, the crucial advances
that could see regenerative medicine eventually
match molecular medicine will entail a very
large investment.

Conclusions

One of the strongest arguments for regenerative
medicine is that human cell-based therapies have
the potential, which most molecular medicines
for chronic conditions do not, of returning the
patient to health with respect to that condition
without further intervention. This potential is
both immensely exciting in medical terms and is
also the basis of a new business sector. What does
emerge in all the cost of care data is the under-
reporting of other direct and indirect costs that
can represent a lifetime burden. Emphasizing the
true costs will be a powerful additional argument
where stem cell-based technologies can avoid or
greatly reduce this and it may need to be a prime
issue for patient advocacy groups and industry
associations because it evidently falls outside the
scope of much clinical healthcare research and
most governmental statistics. The major cost
implications of side effects with present medi-
cines are potentially in favor of regenerative
medicine. The FDA noted evidence that adverse
drug reactions are the fourth leading cause of
death, ahead of diabetes [122]. This is not just a
problem of side effects but substantially due to
patient error; however, the above fact remains an
index of the need for the new approach. It is
clear that human cell therapy can regenerate. It
has already done so in bone marrow transplants,
severe burns cases, chronic leg ulcers, some Par-
kinson’s patients and certain knee injuries. The
scientific basis for using human pluripotent cells
is coming into place and it’s worth recalling that,
in an earlier time, penicillin saved millions of
lives before its precise mechanism of action was
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understood. Today, those with the vision and
boldness to push further will be best placed to
lead the field.

We have addressed the cost arguments here
because they will drive investment but we cannot
conclude without repeating that the numbers of
people involved in the conditions discussed also
represent an index of the misery and hardship
that regenerative medicine could have a major
impact on.
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Executive summary

The financial case for regenerative medicine

Analysis of the full US healthcare costs of chronic conditions indicates large savings that effective regenerative medicine

could bring.

There are early indications of promise for many chronic incurable conditions including stroke, Parkinson’s disease,

insulin-dependent diabetes, heart failure and acute spinal cord injury.

Examination of costs per quality-adjusted life year (QALY) for existing treatments suggests where regenerative medicine can have

an overall financial advantage.

In any comparative evaluation, the relatively high initial cost of regenerative medicine makes it essential to take account of the
cost benefit of cure over the current healthcare paradigm that can only ameliorate chronic disease.
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