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Progress in regenerative medicine seems likely to produce new treatments for neurologic
conditions that use human cells as therapeutic agents; at least one trial for such an interven-
tion is already under way. The development of cell-based interventions for neurologic conditions
(CBI-NCs) will likely include preclinical studies using animals as models for humans with conditions
of interest. This paper explores predictive validity challenges and the proper role for animal models
in developing CBI-NCs. In spite of limitations, animal models are and will remain an essential tool
for gathering data in advance of first-in-human clinical trials. The goal of this paper is to provide a
realistic lens for viewing the role of animal models in the context of CBI-NCs and to provide
recommendations for moving forward through this challenging terrain.
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(Taupin, 2006; see also http://www.clinicaltrials.
gov). Because with most new clinical interventions,
the development of cell-based interventions (CBIs)
for neurologic conditions (CBI-NCs) will likely
include evidence from preclinical studies using
animals as models for humans with conditions of
interest. The recent US Food and Drug Administra-
tion (FDA) decision to place on clinical hold the first
application for a trial of a CBI-NC using cells derived
from embryonic stem cells suggests that there is
substantial uncertainty about the ability of these
animal models to accurately predict safety and
efficacy of CBI-NCs in human trials (http://www.
nature.com/news/2008/080519/full/news.2008.842.
html). Although the specific reasons for the hold are
not yet known, the decision comes despite 4 years of
communications between the FDA and Geron, and
an application of some 21,000 pages (Fox, 2008).
Responding to this sort of uncertainty, this paper
will explore predictive validity challenges and the
proper role for animal models in developing CBI-
NCs. In spite of limitations, animal models are and
will remain an essential tool for gathering data in
advance of first-in-human clinical trials. The goal of
this paper is to provide a realistic lens for viewing
the role of animal models.

Oversight in the United States

CBIs are regulated by the FDA Center for Biologics
Evaluation and Research. For the purposes of FDA
review and approval, most CBIs will be treated
similarly to drugs (http://www.fda.gov/CbER/rules/
gtp.htm). The FDA requires the completion of an
investigational new drug (IND) application before
conducting clinical trials of novel drugs or biologics
(http://www.fda.gov/cder/regulatory/applications/
ind_page_1.htm). Approvals of IND applications
and initiation of human clinical trials depend
upon the submission of pharmacologic and tox-
icologic data from preclinical studies to establish
reasonable evidence of safety and efficacy (http://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/
CFRSearch.cfm?CFRPart=312). Preclinical studies
rely heavily upon animal models of human disease.
To provide a sound basis for making determinations
about reasonable safety and efficacy, these animal
models must provide accurate information about how
a medical intervention will perform in human clinical
trials. The ability of animal model studies to accurately
predict clinical trial outcomes can be termed predictive
validity. Animal models for human disease never have
perfect predictive validity. Poor predictive validity can
result in outcomes for human clinical trials that differ
significantly from the results of preclinical data.

State of the Science

Numerous CBIs are currently in preclinical and
early clinical stages of development. Some examples
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include efforts to regenerate heart muscle (Behfar
and Terzic, 2007; Kocher et al, 2007; Boyle et al,
2006), repair vision loss (Limb et al, 2006; Adler,
2008; Vemuganti et al, 2007), and methods for
cell-based insulin replacement strategies to treat
diabetes (D’Amour et al, 2006; Kroon et al, 2008).

CBI-NGCs are being considered for many neurologic
diseases that currently have few or no available
medical interventions (Lindvall and Kokaia, 2006;
Imitola, 2007; Joannides and Chandran, 2008).
These are of particular interest here, as neurologic
diseases affect uniquely human traits that may be
particularly difficult to replicate using animal
models.

There are several different strategies for employ-
ing CBI-NCs. Transplanted stem cells or stem cell
derivatives may offer trophic support to host cells,
improving endogenous cell function; they may
secrete chemicals such as enzymes or neurotrans-
mitters, compensating for deficiencies in the
patient; and they may migrate within the nervous
system and replace damaged endogenous cells
(Nayak et al, 2006).

At the time of writing this paper, a phase II
randomized trial to evaluate neurotransplantation of
cultured neuronal cells for patients with subcortical
motor stroke has been completed (Kondziolka et al,
2005), and one clinical trial of a CBI-NC, for Batten
disease, has been approved by the FDA and is
currently being conducted (Taupin, 2006; see also
http://www.clinicaltrials.gov). Numerous CBI-NCs
are being developed and additional clinical trials
of several CBI-NCs appear imminent, as shown in
Table 1.

CBI-NCs are also currently being administered to
patients without internationally accepted peer-re-
viewed scientific evidence. It appears to be the case
that the majority of these interventions are delivered
in a manner that does not generate useful scientific
evidence, and are, thus, of little or no value in
establishing evidence of safety and efficacy in
human trials of CBI-NCs (Dobkin et al, 2006;
Enserink, 2006).

With respect to preclinical evidence in support of
clinical trials, should CBI-NCs be treated in the same
way as traditional drugs? Or, is there something
about the challenges presented by CBI-NCs that
requires rethinking typical approaches? To address
these questions, this paper will first review general
problems with the predictive validity of animal
models, then explore the special problems pre-
sented by using animal models for research on
neurologic conditions, and those presented by using
animal models to evaluate CBIs. We will describe
the range of challenges that animal models will face
in this new context and explore the implications
that this full set of challenges will have for the
predictive validity of animal models and their use to
provide evidence of safety and efficacy in support of
clinical trials of CBI-NCs. Ultimately, we argue that
although the individual challenges to the predictive
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Company Location Target condition Current cell types Link
Athersys Inc. Ohio (USA) Stroke MultiStem™ platform http://www.athersys.com/Home/
based on the ProductCandidates/MultiStemforStroke/
multipotent adult tabid/75/Default.aspx
progenitor cell
(MAPC) technology
BrainStorm Cell Israel Parkinson’s disease ~Human embryonic http://www.brainstorm-cell.com/

Therapeutics

California Stem
Cell
Geron

Living Cell
Technologies Ltd

ReNeuron

Stem Cells Inc.

California (USA)
California (USA)
Australia, New
Zealand, Italy,

Rhode Island
(USA)

United Kingdom

California (USA)

ALS, SMA, spinal
cord injury
Spinal cord injury

Huntington’s
disease,

Parkinson’s
disease, Stroke

Stroke

Batten’s disease

stem cells and adult

stem cells, sourced
from bone marrow,
cord blood, and
various organs
Human embryonic
stem cells

Human embryonic
stem cells

Porcine choroid
plexus brain cells
encased in a
biopolymer capsule
developed from
seaweed

Stem cells derived
from fetal human
somatic tissue

Stem cells harvested
from fetal human brain

tissue

Index.asp?ArticleID =
153&CategoryID = 76&Page = 2

http://www.californiastemcell.com/press/
release/pr_1203425660
http://www.geron.com/media/
pressview.aspx?id = 840
http://www.lct.com.au/lct-
neurotrophincell-parkinsons-
treatment.php

http://www.reneuron.com/programmes/
stroke/

http://www.stemcellsinc.com/news/
080118.html, see also http://

www.clinicaltrials.gov/ct2/show/
NCT00337636

CNS, central nervous system; PD, Parkinson’s disease.

validity of animal models are not completely novel,
when combined, these many challenges present a
unique obstacle, requiring careful consideration,
for predicting the safety and efficacy of human trials
for CBI-NGCs, and we provide recommendations for
moving forward.

General problems with the predictive
validity of animal models

Interspecific Differences

The predictive validity of animal models is com-
promised by interspecific differences with humans,
subject sample homogeneity and imperfect outcome
measures. The most obvious problems stem from
differences between species. Interspecific anatomic
differences affect, among other things, morphology
(e.g., heart size, motor neuron length) and composi-
tion (e.g., presence of certain structures, the amount
of white matter and glial cells present, interspecific
biochemical differences). As a result, animal
models never fully recapitulate the human disorder
(Scheffler et al, 2006). Disease symptoms, courses,
outcomes, and the effects of various interventions
vary radically across species. Thus, investigators
may need to choose between animal models that
match the cellular pathologic study of human
disease or animal models that reproduce the course

and symptomatology of human disease, or just
certain important aspects of the target disease.

For example, all animal models of tuberculosis
have limitations (Gupta and Katoch, 2005), as the
causative mycobacterium can affect animal species
differently. For some species, the tools to study the
progression of the disease are not available; for
example, researchers lack the immunologic reagents
required to evaluate immune response in guinea pig
and rabbit. Studies using nonhuman primates are
not widely conducted due to cost. In spite of these
limitations, researchers have been able to make
significant progress in understanding the pathogen-
esis and treatment of tuberculosis with the careful
use of available animal models.

Another example is the congenital deficiency of
hypoxanthine-guanine phosphoribosyl transferase
(HPRT) that causes Lesch-Nyhan disease in
humans. One of the striking features associated
with this deficiency is severe and recurrent
self-injurious behavior. The HPRT-deficient knock-
out mouse model, however, does not display this
unusual behavior (Kasim and Jinnah, 2002).

Interspecific variations in lifespan lead to time-
related problems for animal models. Animals used
to model human disease typically have much
shorter lifespans than humans. The shorter lifespan
may prevent an animal model from following the
human disease trajectory. Disease characteristics of
particular interest must occur within the shorter
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lifespan of the animal being tested. In addition,
shorter lifespans may require the use of methods to
accelerate the appearance of active symptoms, so
that therapeutic interventions can be tested; such
methods may come at the cost of predictive validity.

Trial Design

Animal studies typically use young, healthy popu-
lations of animals that are homogeneous for sex and
age. Such optimal demographics may decrease
predictive validity, as these study populations are
often a poor match for the heterogeneity of human
patients for whom the interventions are being
developed. In some cases, particularly in studies
involving genetically distinct strains of mice, the
extreme genetic homogeneity may even lead to
intraspecific failures of predictive validity (i.e., the
results are confounded by a unique genetic variant
within a particular mouse strain and cannot be
generalized beyond that strain).

Sex-related differences also become apparent in
the context of the homogeneous populations typi-
cally used for animal studies. Studies have showed
that cultured cells of the central nervous system, such
as neurons or astrocytes, exposed to different levels
of oxygen—glucose deprivation to simulate a stroke,
exhibit a significant sex difference in response, and
this occurs even in the absence of sex steroids (Liu
et al, 2006). These data have implications for findings
from any study—animal or human—that does not
allow for comparison across sexes.

In addition to choosing appropriate study popula-
tions, outcome measure selection poses challenges
for translating research using animal models of
human diseases. For example, the use of animals
allows researchers to rely heavily upon histologic
findings. Animal subjects can be killed and cellular
level data can be readily gathered. Human trials,
even if tissue samples are available, may rely
more upon functional rather than histologic study
outcomes because they are more directly relevant to
investigators and patients. Interspecific differences,
including behavioral differences, pose difficulties
for developing valid functional outcome measures
for use with animal models. Furthermore, compar-
ing studies that rely upon different outcome
measures may be problematic, as functional out-
comes may not be directly correlated to histologic
findings.

Special problems with the predictive
validity of animal models for
neurologic conditions

Increased Complexity

Even seemingly simple animal models, such as
those for tuberculosis or for Lesch—Nyhan disease,
with a single enzyme deficiency, can present
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challenges, as noted above. Many of the diseases
that are garnering the most attention as potential
targets for CBI-NCs are complex neurodegenerative
conditions. Although animal models of human
neurologic conditions can recreate key features of
disease, there are numerous examples of limitations.
Multiple sclerosis (MS) in humans is a complex
disease that is incompletely understood. Animal
studies of MS rely upon the induction of experi-
mental allergic (autoimmune) encephalomyelitis
(EAE) in mice and rats. Although EAE shares many
clinical and neuropathologic features with MS,
there are important differences. EAE is an induced
condition, and cannot provide information about
the spontaneous onset of MS. EAE also does not
capture the heterogeneity or complexity of MS.
In addition, experimental interventions have
been more successful in treating EAE than MS.
Compounding this further, the pathogenesis of EAE
itself is poorly understood (Steinman and Zamvil,
2006; Friese et al, 2006).

Animal models for Parkinson’s disease (PD)
primarily rely on toxins to recreate the loss of
dopaminergic neurons in the nigrostriatal pathway.
Although this successfully mimics important symp-
toms of PD, and allows testing of interventions
targeting these symptoms, it does not capture the
full pathologic study and more importantly, it does
not model the chronic progression of PD (Soderstromq
et al, 2006; Fleming et al, 2005; Bove et al, 2005).

Many murine models of Huntington’s disease
(HD) use genetic knock-in methods to recreate
important features of the human disease. The mouse
huntingtin gene differs somewhat from the human
version and the promoters differ significantly
(Li et al, 2005; Menalled and Chesselet, 2002;
Rubinsztein, 2002). In addition, the knock-in models
do not share the marked cell loss common in the
human disease (Levine et al, 2004). Similar short-
comings can be found with models for a variety of
additional neurologic conditions such as Alzheimer’s
disease (AD; Spires and Hyman, 2005), traumatic brain
injury (Cernak, 2005), and adrenoleukodystrophy
(Powers et al, 2005; Lu et al, 1997; Berger et al, 2001).

Interspecific Differences and Neurologic Conditions

Additional challenges beset the interpretation
of data from animal models of neurologic condi-
tions. Although these include the same sorts of
interspecific-phylogenetic/morphologic differences
mentioned previously, such challenges may be
particularly pronounced in the nervous system.
For example, research with paralyzed rats testing
an intervention that used transplanted, embryonic
stem cell-derived axons along with key factors and
inhibitors resulted in partial recovery from paralysis
(Deshpande et al, 2006). Although this exciting
finding suggests cause for optimism about the
development of a human intervention, enthusiasm



should be tempered by the fact that rodent axons are
measured in inches, whereas the analogous humans
axons are measured in feet. It remains to be seen
whether this simple morphologic difference will
present an insurmountable challenge for translation,
but it shows how phylogenetic differences should
inspire caution when using animal models of
neurologic conditions to extrapolate to human
conditions.

The challenges related to the shorter lifespan of
the animals typically used to model human condi-
tions become somewhat amplified for neurologic
conditions, because so many are slow degenerative
processes, for example, PD, AD, HD, or Kennedy’s
disease (Merry, 2005), which can remain undiag-
nosed in humans until later life. Furthermore, it is
often expensive and medically challenging to keep
alive animals used to model neurologic conditions,
after intervention, to allow for collection of long-
term follow-up data. This limitation may have been
involved in the failure of preclinical trials of fetal
tissue implants for the treatment of PD to generate
the dyskinesia-related adverse events that were
found in subsequent clinical testing (Olanow et al,
2003; Lindvall and Bjorklund, 2004).

Modeling Uniquely Human Traits and Behaviors

Devising appropriate outcome measures to study
uniquely human traits and behaviors presents
familiar but amplified challenges to the predictive
validity of animal models for neurologic conditions.
In many cases, these are the very traits that are of
central concern. Traits and behaviors such as personal
identity, cognition, executive functioning, speech,
depression—even headaches—defy animal modeling
(Davidson et al, 2002; Pryce et al, 2005). That said,
many seemingly complex human behaviors are being
studied using animal models; for example, social
interactions and nesting behaviors in mice have been
used to create models for autism (Kwon et al, 2006;
Crawley, 2004; Moy et al, 2006). Mouse models of
schizophrenia rely upon the observation of defects in
working memory tasks and behavioral flexibility that
are consistent with prefrontal cortical function
(Kellendonk et al, 2006; vandenBuuse et al, 2005).
Similar efforts, to overlap target symptoms with
reproducible animal behaviors in animal models,
have been made for other psychiatric disorders.
(Lijam et al, 1997; Korff and Harvey, 2006).

Lessons from Acute Ischemic Stroke Research

One particularly noteworthy example of repeated
predictive validity failures of animal models for
neurologic conditions can be found in neuropro-
tective pharmacologic interventions for acute
ischemic stroke. In spite of dozens of agents
showing neuroprotective efficacy in animal studies,
thus far no drugs have proven to be effective in
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clinical trials (Green et al, 2003; Gilman, 2006). This
stark lack of success has raised concerns about the
models’ predictive validity and their use in this
area. In 1999, the Stroke Therapy Academic Indus-
try Roundtable (STAIR) published recommenda-
tions and guidelines for improving the predictive
validity of preclinical animal studies (STAIR, 1999),
and in 2001 they published recommendations for
clinical trial evaluation of acute stroke therapies
(STAIR-II, 2001). However, the SAINT II trial
(Feuerstein et al, 2008), which adhered to many of
the STAIR guidelines, still failed to show the
expected efficacy in humans. Because of this failure
and in the context of the promise of CBIs, the new
Stem cell Therapeutics as an Emerging Paradigm in
Stroke Consortium was formed, and recently
released their criteria for designing laboratory studies
on cell therapy for stroke (Borlongan et al, 2008).

It is important to note that some attribute the
failures not to flaws in the animal models, but to
inappropriate generalizations and breaches of the
scientific method by the investigators conducting
the trials (Carmichael, 2005; DeKeyser et al, 1999;
Traystman, 2006), many of which have been detailed
in this paper. For example, the human subjects’
strokes involved significantly smaller percentages of
total brain volume than those induced in the animal
models, which were more consistent with fatal
human strokes. There were discrepancies in the
outcome measures between the preclinical animal
trials and the clinical trials. Strokes in humans
involve a substantial degree of reperfusion.
Although some animal models do allow for reperfu-
sion (Sola et al, 2008), others do not (Traystman,
2003). In animal models, strokes are induced in
otherwise healthy animals, whereas human strokes
typically occur in the context of (or as a result of)
significant medical comorbidities (Lippoldt et al,
2005). The clinical trial study population was
heterogeneous about many important variables such
as age, stroke location, and stroke severity, whereas
the animals used in preclinical studies are fairly
homogeneous in these respects. Finally, human
subjects were recruited as they appeared for treat-
ment after stroke, thus the time between the
ischemic event and intervention varied significantly
among the human subjects (Cheng et al, 2004). This
is in comparison to animal studies of stroke that use
a standardized methodology in which the interven-
tion is delivered with precise timing.

In spite of these sorts of methodological problems,
many scientists maintain confidence in the predic-
tive validity of animal models for stroke for properly
designed human trials, and continue to work with
and publish results from promising preclinical trials
(Borlongan et al, 2008; Lindvall and Kokaia, 2006).
New studies should be evaluated in the context of
the methodological critiques of earlier work. In
addition, further research should be conducted to
better elucidate the underlying reasons for these
predictive validity failures.

. @D
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Special problems with the predictive
validity of animal models for CBls

Xenotransplantation

CBIs are not completely novel or untested. Bone
marrow transplants have been conducted for
decades (Buckley, 2004). Nonetheless, several notable
challenges arise when using animal models during
the development of CBIs. The most fundamental of
these are raised by the special nature of crossing
species boundaries in this context. To conduct a CBI
preclinical trial, the intervention must be derived
either from human cells or from cells of the animal
model’s species. If animal cells are transplanted, an
expert interdisciplinary working group on safety
issues in CBI trials concluded, ‘(g)iven that the
processes of culturing and differentiating cells are
idiosyncratic and successful methods vary from one
species to the next, the extent to which it is reasonable
to extrapolate from the results with mouse cell lines to
human cell lines is unclear’ (Dawson et al, 2003).

If human cells are transplanted, there may be
concerns about species-specific cell signaling lead-
ing transplanted human cells to behave differently
than in their native environment (Dawson et al,
2003). In addition, placing human cells in non-
human species could elicit an immune response
(Ginis and Rao, 2003; Magnus et al, 2008). To
combat this, investigators may need to induce
immunosuppression or use modified animals (e.g.,
non-obese diabetic/severe combined immunodefi-
cient mice). Depending on the cell source, this
immune response may or may not be involved in
subsequent clinical trials and may threaten predic-
tive validity. Further complexities for data inter-
pretation are suggested by evidence that the growth
of primitive tumors from human embryonic stem
cells (hESCs), a primary safety concern, is host
dependent (Shih et al, 2007). This study found
aggressive tumor growth after hESC injection into
human fetal tissue engrafted in SCID mice. It also
found differences among fetal tissue types in their
ability to support tumor growth. It seems likely that
the various challenges raised by xenotransplanta-
tion in the context of CBIs will be compounded
when cells are placed into the nervous system or
more specifically into the brain.

Drug Testing and Trial Design

Evaluating CBI-NCs will likely require rethinking
other typical aspects of drug testing procedures and
trial design. For example, selecting appropriate
control groups for CBI trials will require careful
consideration in this context (Mathews et al, 2008).
Issues such as the use of placebos and sham
surgeries often present interesting and unique
challenges, and, in the context of CBI-NCs, these
issues become even more difficult to resolve.
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The lack of dose-response curves has been cited
as a potential factor leading to predictive validity
failure for animal models of stroke. Dosing and
dose-response curves may be more difficult to
determine and interpret in the context of CBIs (Ginis
and Rao, 2003). The notion of dosing makes sense
when considering cells that are being used to deliver
chemicals, but investigators will need to both
determine the dose of chemical delivered by the
transplanted cells and account for potential future
flourishing of these cells within the transplant
recipient to ensure that the transplanted cells
themselves do not cause any harm, such as tumor
formation. For many CBIs, dose-response curves
may not be feasible.

The cells themselves will change after transplan-
tation and the biologic readouts and parameters
typically used for drug testing will not apply. Also,
allelic variability may cause cells to have a context-
dependent response that is more variable than that
of drugs (Ginis and Rao, 2003). Greater variability
will make results more difficult to interpret and
require larger numbers of subjects for both animal
studies and clinical trials.

Additional Potential Risks

Unlike drugs, introduced cells may survive for the
remainder of the recipient’s life. Once transplanted,
cells may migrate and differentiate. These attributes
are part of what fuels the optimism about the
therapeutic potential of CBIs, but are also associated
with risks of adverse events such as tumor formation
(Bjorklund et al, 2002). Although drugs can be
discontinued or electrodes turned off, there is
currently no easy way to stop undesirable effects
of transplanted cells, as evidenced by the dyskinesia
resulting from fetal nigral transplants for PD (Olanow
et al, 2003). It should be noted that capacity for
in vivo replication varies by cell type (Cai et al,
2004). Furthermore, CBIs are likely to involve
differentiated, rather than undifferentiated cells,
due to the risk of uncontrolled growth of undiffer-
entiated cells, particularly for interventions
developed using embryonic stem cells (Laflamme
and Murry, 2005). In this case, the presence of
residual undifferentiated cells is a significant cause
for concern.

Another example of a potential risk that may not
be readily apparent if animal subjects are not
followed for an appropriate duration are problems
related to cranial volume. Particularly for nonlesion
brain conditions (i.e., there is no space available for
the transplanted cells) it is theoretically possible
that, over time, transplanted cells could multiply
sufficiently (Vescovi et al, 2006; Chaichana et al,
2006) to increase cranial pressure, leading to
undesirable outcomes (Allen and Ward, 1998). Data
from preclinical studies may not be predictive
of these sorts of adverse events due to the lack of



long-term follow-up data and challenges associated
with capturing the full range of human cognitive
functional outcomes using animal models.

It is medically challenging and expensive to
gather long-term follow-up data for animal models
of neurologic conditions, and, at present, there is no
agreement on appropriate timeline for follow-up in
animal CBI trials.

Conclusion

Challenges presented by research into the develop-
ment of CBI-NCs are not completely novel. These
challenges, however, exist at the highly charged end
of a number of spectra of traditional concerns. This
suggests that great care must be taken to accurately
assess the predictive validity of the models used.
This does not, however, invalidate all results from
preclinical trials utilizing animal models. Important
progress has been made, and can continue, using
animal models of neurologic conditions to assess
CBIs. Animal models can teach us a great deal about
pathogenesis, mechanism, cell migration, etc.,
which would not otherwise be ascertainable. It is
imperative, however, that the ongoing use of animal
models for CBI-NCs be informed by the challenges
and notable predictive validity failures in prior
related work. These should be carefully analyzed
and used to develop and refine an accurate assess-
ment of the predictive validity for various animal
models in different contexts, and investigators
should take great care to ensure that claims do not
exceed the scope of the available data.

Many animal models, although incomplete, can
capture aspects of the pathogenesis of human
disease. When possible, results from studies utiliz-
ing different animal models should be combined to
capture a fuller picture of a particular condition. It
will be important, as noted in the STAIR recom-
mendations (STAIR, 1999), to repeat successful
studies using animals that are more similar to
humans; ideally these would use a gyrencephalic
primate species, such as macaque monkeys. Scien-
tific consensus should be reached regarding the
standardization of animal models for use in study-
ing CBI-NCs.

CBI-NCs hold great promise. In the absence of
animal models that more fully recapitulate human
disease, a relatively high level of uncertainty will
have to be tolerated for approval of human trials. It
is possible that gathering evidence of safety for CBI-
NCs will be less difficult than evidence of efficacy,
as one trial could provide evidence of safety that
will be applicable to numerous CBI-NCs. However,
establishing that CBI-NCs are safe requires reaching
consensus about the length of follow-up that would
be sufficient to reveal long-term effects. The more
serious problem is establishing efficacy, and here we
may need to proceed without good evidence. When
possible, strategies should be developed and used

Animal models in evaluating safety and efficacy
A Regenberg et al

that help to manage this increased risk to early
subjects (Mathews et al, 2008; Taupin, 2006).

This is a difficult topic with no simple answers;
the number, complexity and serious nature of the
challenges associated with the use of animal models
as a mechanism to provide reasonable evidence of
safety and efficacy for CBI-NCs suggests both that
public education and debate should occur. The
recent ISSCR announcement of a task force to
establish international guidelines for the clinical
translation of stem cells and their direct derivatives
should provide one suitable forum for addressing
these challenges (Daley et al, 2008). In addition, the
FDA and the National Institute of Neurological
Disorders and Stroke should hold a consensus
conference to clarify the appropriate role for animal
models in such translational research. Owing to the
likely willingness of desperate subjects to tolerate
greater risks in human trials of CBI-NCs, informed
consent procedures for these trials ought to be
performed under close scrutiny, and Institutional
Review Boards should single out CBI-NC protocols
for particularly close review, informed by the unique
challenges of this research.

Acknowledgements

The authors acknowledge the contribution of Dr Ira
Black, who died before the completion of the
manuscript.

References

Adler R (2008) Curing blindness with stem cells: hope,
reality, and challenges. Adv Exp Med Biol 613:3-20
Allen CH, Ward JD (1998) An evidence-based approach
to management of increased intracranial pressure.
Crit Care Clin 14:485-95

Behfar A, Terzic A (2007) Cardioprotective repair through
stem cell-based cardiopoiesis. J Appl Physiol 103:
1438-1440

Berger ], Moser HW, Forss-Petter S (2001) Leukodystro-
phies: recent developments in genetics, molecular
biology, pathogenesis and treatment. Curr Opin Neurol
14:305-12

Bjorklund LM, Sanchez-Pernaute R, Chung S, Andersson T,
Chen IY, McNaught KS, Brownell AL, Jenkins BG,
Wahlestedt C, Kim KS, Isacson O (2002) Embryonic
stem cells develop into functional dopaminergic
neurons after transplantation in a Parkinson rat model.
Proc Natl Acad Sci USA 99:2344-9

Borlongan CV, Chopp M, Steinberg GK, Bliss TM, Li Y,
Lu M, Hess DC, Kondziolka D (2008) Potential of
stem/progenitor cells in treating stroke: the missing
steps in translating cell therapy from laboratory to
clinic. Future Med 3:249-50

Bove J, Prou D, Perier C, Przedborski S (2005) Toxin-
induced models of Parkinson’s disease. NeuroRx 2:
484-94

Boyle AJ, Schulman SP, Hare JM, Oettgen P (2006) Is stem
cell therapy ready for patients? Stem cell therapy for

LD

Journal of Cerebral Blood Flow & Metabolism (2009) 29, 1-9



Animal models in evaluating safety and efficacy
A Regenberg et al

cardiac repair. Ready for the next step. Circulation
114:339-52

Buckley RH (2004) A historical review of bone marrow
transplantation for immunodeficiencies. J Allergy Clin
Immunol 113:793-800

Cai J, Weiss ML, Rao MS (2004) In search of ‘stemness’.
Exp Hematol 32:585-98

Carmichael ST (2005) Rodent models of focal stroke: size,
mechanism, and purpose. NeuroRx 2:396—409

Cernak I (2005) Animal models of head trauma. NeuroRx
2:410-22

Chaichana K, Zamora-Beridi G, Camara-Quintana J,
Quinones-Hinojosa A (2006) Neurosphere assays:
growth factors and hormone differences in tumor and
nontumor studies. Stem Cells 24:2851-7

Cheng YD, Al-Khoury L, Zivin JA (2004) Neuroprotection
for ischemic stroke: two decades of success and failure.
NeuroRx 1:36—45

Crawley JN (2004) Designing mouse behavioral tasks
relevant to autistic-like behaviors. Ment Retard Dev
Disabil Res Rev 10:248-58

D’Amour KA, Bang AG, Eliazer S, Kelly OG, Agulnick AD,
Smart NG, Moorman MA, Kroon E, Carpenter MK,
Baetge EE (2006) Production of pancreatic hormone-
expressing endocrine cells from human embryonic
stem cells. Nat Biotechnol 24:1392—-401

Daley GQ, Hyun I, Lindvall O (2008) Mapping the road to
the clinical translation of stem cells. Cell Stem Cells
2:139—-40

Davidson RJ, Pizzagalli D, Nitschke JB, Putnam K (2002)
Depression: perspectives from affective neuroscience.
Annu Rev Psychol 53:545-74

Dawson L, Bateman-House AS, Mueller AD, Bok H,
Brock DW, Chakravarti A, Greene M, King PA,
O’Brien SJ, Sachs DH, Schill KE, Siegel A, Solter D,
Suter SM, Verfaillie CM, Walters LB, Gearhart JD,
Faden RR (2003) Safety issues in cell-based interven-
tion trials. Fertil Steril 80:1077—85

DeKeyser J, Sulter G, Luiten PG (1999) Clinical trials
with neuroprotective drugs in acute ischaemic stroke:
are we doing the right thing? Trends Neurosci 22:
535-540

Deshpande DM, Kim YS, Martinez T, Carmen J, Dike S,
Shats I, Rubin LL, Drummond J, Krishnan C, Hoke A,
Maragakis N, Shefner J, Rothstein JD, Kerr DA (2006)
Recovery from paralysis in adult rats using embryonic
stem cells. Ann Neurol 60:32—44

Dobkin BH, Curt A, Guest J (2006) Cellular transplants in
China: observational study from the largest human
experiment in chronic spinal cord injury. Neurorehabil
Neural Repair 20:5-13

Enserink M (2006) Biomedicine. Selling the stem cell
dream. Science 313:160-3

Feuerstein GZ, Zaleska MM, Krams M, Wang X, Day M,
Rutkowski JL, Finklestein SP, Pangalos MN, Poole M,
Stiles GL, Ruffolo RR, Walsh FL (2008) Missing steps in
the STAIR case: a translational medicine perspective on
the development of NXY-059 for treatment of acute
ischemic stroke. J Cereb Blood Flow Metab 28:217-9

Fleming SM, Fernagut PO, Chesselet MF (2005) Genetic
mouse models of parkinsonism: strengths and limita-
tions. NeuroRx 2:495-503

Fox JL (2008) FDA scrutinizes human stem cell therapies.
Nat Biotechnol 26:598—9

Friese MA, Montalban X, Willcox N, Bell JI, Martin R,
Fugger L (2006) The value of animal models for drug
development in multiple sclerosis. Brain 129:1940-52

Journal of Cerebral Blood Flow & Metabolism (2009) 29, 1-9

Gilman S (2006) Pharmacologic management of ischemic
stroke: relevance to stem cell therapy. Exp Neurol
199:28-36

Ginis I, Rao MS (2003) Toward cell replacement therapy:
promises and caveats. Exp Neurol 184:61-77

Green AR, Ashwood T, Odergren T, Jackson DM
(2003) Nitrones as neuroprotective agents in cerebral
ischemia, with particular reference to NXY-059.
Pharmacol Ther 100:195-214

Gupta UD, Katoch VM (2005) Animal models of
tuberculosis. Tuberculosis (Edinb) 85:277-93

Imitola J (2007) Prospects for neural stem cell-based
therapies for neurological diseases. Neurotherapeutics
4:701-14

Joannides AJ, Chandran S (2008) Human embryonic stem
cells: An experimental and therapeutic resource for
neurological disease. | Neurol Sci 265:84—8

Kasim S, Jinnah HA (2002) Pharmacologic thresholds for
self-injurious behavior in a genetic mouse model of Lesch—
Nyhan disease. Pharmacol Biochem Behav 73:583-92

Kellendonk C, Simpson EH, Polan HJ, Malleret G,
Vronskaya S, Winiger V, Moore H, Kandel ER
(2006) Transient and selective overexpression of
dopamine D2 receptors in the striatum causes
persistent abnormalities in prefrontal cortex function-
ing. Neuron 49:603-15

Kocher AA, Schlechta B, Gasparovicova A, Wolner E,
Bonaros N, Laufer G (2007) Stem cells and cardiac
regeneration. Transpl Int 20:731-46

Kondziolka D, Steinberg GK, Wechsler L, Meltzer CC,
Elder E, Gebel J, Decesare S, Jovin T, Zafonte R,
Lebowitz J, Flickinger JC, Tong D, Marks MP, Jamieson C,
Luu D, Bell-Stephens T, Teraoka J (2005) Neurotrans-
plantation for patients with subcortical motor stroke: a
phase 2 randomized trial. ] Neurosurg 103:38—45

Korff S, Harvey BH (2006) Animal models of obsessive-
compulsive disorder: rationale to understanding
psychobiology and pharmacology. Psychiatr Clin North
Am 29:371-90

Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly OG,
Eliazer S, Young H, Richardson M, Smart NG, Cunning-
ham J, Agulnick AD, D’Amour KA, Carpenter MK,
Baetge EE (2008) Pancreatic endoderm derived from
human embryonic stem cells generates glucose-respon-
sive insulin-secreting cells in vivo. Nat Biotechnol
26:443-52

Kwon CH, Luikart BW, Powell CM, Zhou J, Matheny SA,
Zhang W, Li Y, Baker SJ, Parada LF (2006) Pten
regulates neuronal arborization and social interaction
in mice. Neuron 50:377-88

Laflamme MA, Murry CE (2005) Regenerating the heart.
Nat Biotechnol 23:845-56

Levine MS, Cepeda C, Hickey MA, Fleming SM,
Chesselet MF (2004) Genetic mouse models of
Huntington’s and Parkinson’s diseases: illuminating
but imperfect. Trends Neurosci 27:691-7

Li JY, Popovic N, Brundin P (2005) The use of the R6
transgenic mouse models of Huntington’s disease in
attempts to develop novel therapeutic strategies.
NeuroRx 2:447-64

Lijam N, Paylor R, McDonald MP, Crawley JN, Deng CX,
Herrup K, Stevens KE, Maccaferri G, McBain (],
Sussman DJ, Wynshaw-Boris A (1997) Social interac-
tion and sensorimotor gating abnormalities in mice
lacking Dvl1. Cell 90:895-905

Limb GA, Daniels JT, Cambrey AD, Secker GA, Shortt AJ,
Lawrence JM, Khaw PT (2006) Current prospects for



adult stem cell-based therapies in ocular repair and
regeneration. Curr Eye Res 31:381-90

Lindvall O, Bjorklund A (2004) Cell therapy in Parkinson’s
disease. NeuroRx 1:382—93

Lindvall O, Kokaia Z (2006) Stem cells for the treatment of
neurological disorders. Nature 441:1094—6

Lippoldt A, Reichel A, Moenning U (2005) Progress in the
identification of stroke-related genes: emerging new
possibilities to develop concepts in stroke therapy. CNS
Drugs 19:821-32

Liu M, Hurn PD, Roselli CE, Alkayed NJ (2006) Role of
P450 aromatase in sex-specific astrocytic cell death.
J Cereb Blood Flow Metab 27:135—-41

Lu JF, Lawler AM, Watkins PA, Powers JM, Moser AB,
Moser HW, Smith KD (1997) A mouse model for
X-linked adrenoleukodystrophy. Proc Natl Acad Sci
USA 94:9366-71

Magnus T, Liu Y, Parker GC, Rao MS (2008) Stem cell
myths. Philos Trans Royal Soc Lond B Biol Sci 363:
9-22

Mathews DJ, Sugarman J, Bok H, Blass DM, Coyle JT,
Duggan P, Finkel J, Greely HT, Hillis A, Hoke A,
Johnson R, Johnston M, Kahn J, Kerr D, Kurtzberg J,
Liao SM, McDonald JW, McKhann G, Nelson KB, Rao M,
Regenberg A, Siegel AW, Smith K, Solter D, Song H,
Vescovi A, Young W, Gearhart JD, Faden R (2008) Cell-
based interventions for neurologic conditions: ethical
challenges for early human trials. Neurology 71:288-93

Menalled LB, Chesselet MF (2002) Mouse models
of Huntington’s disease. Trends Pharmacol Sci 23:
32-39

Merry DE (2005) Animal models of Kennedy disease.
NeuroRx 2:471-9

Moy SS, Nadler JJ, Magnuson TR, Crawley JN (2006)
Mouse models of autism spectrum disorders: the
challenge for behavioral genetics. Am | Med Genet C
Semin Med Genet 142:40-51

Nayak MS, Kim YS, Goldman M, Keirstead HS, Kerr DA
(2006) Cellular therapies in motor neuron diseases.
Biochim Biophys Acta 1762:1128-38

Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V,
Brin MF, Shannon KM, Nauert GM, Perl DP, Godbold J,
Freeman TB (2003) A double-blind controlled trial of
bilateral fetal nigral transplantation in Parkinson’s
disease. Ann Neurol 54:403—14

Powers JM, Pei Z, Heinzer AK, Deering R, Moser AB,
Moser HW, Watkins PA, Smith KD (2005) Adreno-
leukodystrophy: oxidative stress of mice and men.
] Neuropathol Exp Neurol 64:1067—-79

Pryce CR, Ruedi-Bettschen D, Dettling AC, Weston A,
Russig H, Ferger B, Feldon J (2005) Long-term effects of

Animal models in evaluating safety and efficacy
A Regenberg et al

early-life environmental manipulations in rodents and
primates: Potential animal models in depression
research. Neurosci Biobehav Rev 29:649-74

Rubinsztein DC (2002) Lessons from animal models of
Huntington’s disease. Trends Genet 18:202—-9

Scheffler B, Edenhofer F, Brustle O (2006) Merging fields:
stem cells in neurogenesis, transplantation, and disease
modeling. Brain Pathol 16:155—-68

Shih CC, Forman SJ, Chu P, Slovak M (2007) Human
embryonic stem cells are prone to generate primitive,
undifferentiated tumors in engrafted human fetal
tissues in severe combined immunodeficient mice.
Stem Cells Dev 16:893-902

Soderstrom K, O’Malley J, Steece-Collier K, Kordower JH
(2006) Neural repair strategies for Parkinson’s disease:
insights from primate models. Cell Transplant 15:
251-265

Sola A, Peng H, Rogido M, Tong-Chun W (2008) Animal
models of neonatal stroke and response to erythropoie-
tin and cardiotropin-1. Int | Dev Neurosci 26:27-35

Spires TL, Hyman BT (2005) Transgenic models of
Alzheimer’s disease: learning from animals. NeuroRx
2:423-37

Stroke Therapy Academic Industry Roundtable (STAIR)
(1999) Recommendations for standards regarding pre-
clinical neuroprotective and restorative drug develop-
ment. Stroke 30:2752-8

Stroke Therapy Academic Industry Roundtable (STAIR-II)
(2001) Recommendations for clinical trial evaluation of
acute stroke therapies. Stroke 32:1598-606

Steinman L, Zamvil SS (2006) How to successfully apply
animal studies in experimental allergic encephalomye-
litis to research on multiple sclerosis. Ann Neurol
60:12-21

Taupin P (2006) HuCNS-SC (StemCells). Curr Opin Mol
Ther 8:156—63

Traystman RJ (2003) Animal models of focal and global
cerebral ischemia. ILAR ] 44:85—-95

Traystman RJ (2006) Failure of neuroprotective agents to
show benefit in clinical trials. In: Acute Stroke: Bench
to Bedside (Bhardwaj A, Alkayed NJ, Kirsch JR,
Traystman RJ, eds) New York, USA: Informa Health-
care, 335—44

vandenBuuse M, Garner B, Gogos A, Kusljic S (2005)
Importance of animal models in schizophrenia
research. Aust N Z J Psychiatry 39:550-7

Vemuganti GK, Sangwan VS, Rao GN (2007) The promise
of stem cell therapy for eye disorders. Clin Exp Optom
90:315-6

Vescovi AL, Galli R, Reynolds BA (2006) Brain tumour
stem cells. Nat Rev Cancer 6:425-36

- D

Journal of Cerebral Blood Flow & Metabolism (2009) 29, 1-9



	The role of animal models in evaluating reasonable safety and efficacy for human trials of cell-based interventions for neurologic conditions
	Background
	Oversight in the United States
	State of the Science

	General problems with the predictive validity of animal models
	Interspecific Differences

	Table 1 Likely candidates for phase I trials of CBI-NCs
	Trial Design

	Special problems with the predictive validity of animal models for neurologic conditions
	Increased Complexity
	Interspecific Differences and Neurologic Conditions
	Modeling Uniquely Human Traits and Behaviors
	Lessons from Acute Ischemic Stroke Research

	Special problems with the predictive validity of animal models for CBIs
	Xenotransplantation
	Drug Testing and Trial Design
	Additional Potential Risks

	Conclusion
	Acknowledgements
	References


